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ilusión, trabajo y buen corazón se pueden superar los malos tiempos llegando
a buen puerto. Gracias también Miguel, Pablo, Diego, por el tiempo y buen rollo
compartido.
Gracias Manuel Pedreira, Guillén, Faustino, Javier Castro, Alemany. Cada uno a
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In onze leefwereld vinden we meer en meer producten die zijn uitgerust met een of andere
vorm van elektronisch zintuig, i.e. een sensor, en dit in een steeds bredere waaier van
toepassingen en markten. Door deze nieuwe meettechnologieën te versmelten met de
variatie aan toepassingen ontstaat een vorm van intelligentie, die de producten toelaat om
fysische en chemische parameters op te volgen, te melden of indien nodig zelfs in te grij-
pen. Het is vandaag vrijwel onmogelijk om toepassingsgebieden te vinden waar nog geen
sensortechnologie gebruikt wordt. Zo vinden we de technologie terug in de bouw- en de
transportsectoren, maar ook in tankstations, het dagdagelijkse huishouden, beeldschermen,
verlichting en bovenal in de industriële regeltechniek. Dankzij de kostenefficiëntie van
deze nieuwe aanpak zien we sensoren ook opduiken in eerder persoonsgebonden voor-
werpen, zoals kleding, juwelen, telefoons, uurwerken en contactlenzen, maar anderzijds
ook in wegwerpmateriaal zoals verpakking voor voedsel, of voor het maken van medische
modules.
In vele toepassingsgebieden zijn optische sensortechnieken een waardig en betrouwbaar al-
ternatief gebleken voor de meer traditionele elektrische technieken. Daarenboven schieten
elektronische meettechnieken vaak tekort op het vlak van veiligheid of gebruik wanneer we
denken aan toepassingsgebieden zoals explosiegevoelige of elektromagnetisch gevoelige
milieus, of gebruik op en rond het menselijk lichaam. Ook hier hebben optische sensoren,
ongevoelig voor het elektromagnetische veld, een streepje voor.
Het vakgebied van de polymeren-fotonica is een relatief nieuw onderzoeksgebied, hetgeen
verscheidene nieuwe toepassingen mogelijk maakt. Polymeren kunnen namelijk worden
samengesteld uit een cocktail van chemische ingrediënten, waardoor hun materiaalei-
genschappen heel specifiek kunnen afgesteld worden op de vereisten van de bedoelde
toepassing. Deze eigenschap werd door de industrie benut om nieuwe polymeren op
de markt te brengen, waarbij de optische doorlaatbaarheid is afgesteld op een specifiek
interessegebied. Bovendien zijn deze producten ontworpen om compatibel te zijn met
gangbare productieprocessen zoals fotolithografie of nano-imprint, een omvormproces
bij nanometer-resolutie, en indien nodig wordt er verder gesleuteld tot het materiaal bio-
afbreekbaar is, bio-adsorbeerbaar, dan wel waterafstotend of elektro-actief. Het hoeft
ons dus niet te verwonderen dat de polymeer-chemie een heel actief onderzoeksveld is,
waarbij dagelijks nieuwe polymeren worden ontwikkeld die voldoen aan de strengste
eisen op basis van hun chemische en materiaalkundige eigenschappen. Deze variteit aan
materiaaleigenschappen leidt tot een unieke meerwaarde voor creativiteit en innovativiteit










Polymeertechnologie is een interessante technologie dankzij haar intrinsieke kosteneffecti-
viteit, zowel op het vlak van materiaalkost dan wel op het vlak van productietechnologie.
Daarnaast zijn ook de materiaaleigenschappen van polymeren heel gunstig: ze laten een
hoge vervorming toe, en dit bij een lage elasticiteitsmodulus, wat toelaat om rekbare en
vervormbare voorwerpen te maken. Polymeren hebben evenwel ook nadelen, zoals hun
gevoeligheid voor hogere temperaturen, of in sommige toepassingen een mindere perfor-
mantie dan silicon-on-insulator fotonica. Dat belet evenwel niet dat polymeer-fotonica
een brede basis vindt in een toenemend aantal wetenschappelijke onderzoeksgebieden,
publicaties en patenten.
Het gebruik van in-het-vlak golfgeleiders (in tegenstelling tot optische vezels) is interes-
sant omdat deze compatibel zijn met vlakke (en hierdoor zeer compacte) configuraties.
Daarnaast is het eenvoudig om rechthoekige golfgeleiders met arbitraire afmetingen te
maken, waardoor het mogelijk is om de eigenschappen van het licht dat zich voortplant
naar wens bij te regelen.
Dit eindwerk is gekaderd in twee projecten met een gemeenschappelijke basis, dit is het
ontwikkelen van kostenefficiënte optische sensoren in polymeren. Hiervoor werden twee
toepassingen beoogd: aan de ene kant een fysieke sensor die toelaat om de structurele
integriteit van composietmaterialen te monitoren, en aan de andere kant een bio-sensor die
toelaat om de aanwezigheid van een biomarker voor hartfalen te detecteren.
Aangezien er momenteel weinig tot geen mogelijkheden zijn om de structurele integriteit op
te volgen worden momenteel vele structuren na zekere tijd vervangen om te vermijden dat
deze tijdens het gebruik falen. Door de mogelijkheid toe te voegen om deze structuren met
behulp van sensoren op te volgen kan niet alleen de effectieve levensduur van de structuren
verhogen, maar ook de impact op de mens en omgeving beperkt worden doordat er minder
materiaal en energie moet verbruikt worden. Heden ten dage zijn composietmaterialen
te vinden in een brede waaier aan toepassingen, zoals in de auto-industrie, luchtvaart en
gebouwen doordat ze sterk, stijf en licht zijn. Aldus is er een algemene industrie-wijde
nood aan geı̈ntegreerde sensoren die geschikt zijn voor het opvolgen van systemen tijdens
de productie en tijdens de levensduur van de producten.
In de medische diagnostiek bestaat er een trend richting het uitvoeren van testen aan de
Point of Care(PoC), zijnde in de dichte nabijheid van de patiënt. Voor PoC testen is er een
nood aan sensoren die betaalbaar, gevoelig, specifiek, gebruiksvriendelijk, snel en robuust
zijn, waar geen gespecialiseerde toestellen voor nodig zijn en die door de eindgebruikers
zelf kunnen gebruikt worden. Met andere woorden, een ideaal PoC testtoestel moet niet
alleen accuraat zijn, maar ook snel, eenvoudig te gebruiken, kosteneffectief, compact
en volledig geı̈ntegreerd zijn. Door de ontwikkeling van PoC testtoestellen samen met
vooruitgang in genetica, of meer algemeen, in moleculaire diagnostiek, ligt de weg nu open
naar gepersonaliseerde gezondheidszorg, waar het kernprincipe is dat de juiste behandeling
op het juiste moment bij de juiste patiënt terecht komt. In dit opzicht is PoC testen zeer
relevant voor de detectie van biomarkers voor de diagnose van ziekten.
Deze thesis begint in het eerste hoofdstuk met een brede achtergrond te schetsen rond
optische sensortechnologie, en binnen dit kader een inleiding te geven tot sensoren op










Het tweede hoofdstuk is bedoeld als inleiding tot de basisconcepten van de golfgeleider-
technologie, en beschrijft de invloed van de verschillende parameters van de golfgeleider
op het gedrag van het licht. De rode draad door het hoofdstuk belicht dan ook het verschil
tussen een golfgeleider gebaseerd op materialen met vergelijkbare brekingsindices met
golfgeleiders opgebouwd uit materialen met sterk verschillende brekingsindices, zoals
geleiders die gebaseerd zijn op silicium. Dit hoofdstuk begint met een beschrijving van
een heel eenvoudige, 1-dimensionale golfgeleider. Aan de hand hiervan worden de invloed
van de verschillen in brekingsindex, van de afmetingen van de golfgeleider en de invloed
van de polarisatie op het elektrische veld besproken. Deze 1 dimensionale golfgeleider
wordt eveneens gebruikt om de gevoeligheid aan wijzigingen in de brekingsindex in de
bulk en de gevoeligheid voor wijzigingen in geadsorbeerde lagen te bepalen, met het oog
op het evalueren van het potentieel van polymeer-gebaseerde golfgeleiders voor labelvrije
bio-sensoren. Deze een-dimensionale structuur wordt vervolgens uitgebreid tot een vlakke,
twee-dimensionale structuur. Aan de hand van deze structuur wordt dieper ingegaan op
de verliesmechanismen en de verschillende technieken om het licht aan de golfgeleider te
koppelen. Tot slot worden in dit hoofdstuk roosterstructuren voorgesteld, met een focus op
de twee toepassingen die relevant zijn voor deze thesis, namelijk koppelstructuren voor
golfgeleiders enerzijds en als impedantie-aanpassingsroosters anderzijds (Bragg-roosters).
Tot slot worden de materialen beschreven dewelke de basis vormen van het werk in deze
thesis.
In hoofdstuk drie wordt dieper ingegaan op het maken van micro- en nano-structuren in
polymeren op basis van printtechnieken. Het gebruik van de soft-imprint-techniek op UV-
uithardbare optische polymeren is een snelle, betrouwbare en kost-effectieve technologie,
die gebruik maakt van o.m. zachte, flexibele polymeren drukvormen.
In hoofdstuk vier worden de eerder beschreven technologieën aangewend voor het het
maken van vervormbare sensoren die kunnen gentegreerd worden met allerhande gelaagde
materialen. Hierbij ligt de focus vooral op het opvolgen van de structurele integriteit van
composietmaterialen gedurende de totale levensduur, i.e. vanaf de productie tot het gebruik
in de toepassing. De voornaamste motivatie hiervoor was tegemoet komen aan de tekortko-
mingen van de bestaande (geı̈ntegreerde) sensoren. De doelstelling was het ontwikkelen
van meerassige temperatuurongevoelige (of temperatuurgecompenseerde) reksensoren die
dun genoeg zijn om de eigenschappen van het materiaal waarin ze ingebed zijn niet te
verstoren. Vergeleken met de gekende vezel-gebaseerde Bragg sensoren heeft deze aanpak
het voordeel dat het mogelijk is om zeer dunne folies te bekomen die eenvoudiger te
oriënteren zijn en een grotere gevoeligheid vertonen voor de grootheden die we wensen te
meten. Om dit alles te verwezenlijken was het noodzakelijk om de materiaalcompatibiliteit
te evalueren, de productiemethode te evalueren en om de performantie van de finale sensor
the verifier. Sensoren die gebaseerd zijn op epoxy vertonen een goede compatibiliteit
met het integratieproces, terwijl de sensoren die gebaseerd waren op Ormocer® rimpels
vertonen, waardoor de sensor los kwam van het substraat. Ormocer®-gebaseerde senso-
ren bleken een temperatuurgevoeligheid te vertonen van ongeveer 250 pm ◦C−1 terwijl
epoxy-gebaseerde sensoren bleven steken op approximately 90 pm ◦C−1. De gevoeligheid










Bragg rooster sensorfolies van verschillende diktes werden gemaakt and losgemaakt van
een tijdelijke drager, teneinde deze in te bedden gebruik makende van een autoclaaf-
gebaseerd productieproces voor composieten. Nadat de sensoren ingebed waren werden de
composietmonsters met geı̈ntegreerde sensoren verzaagd en voorbereid voor rektesten. De
sensorfolies van ≈ 50 µm en ≈ 100 µm waren geschikt voor pig-tailing en karakterisatie
via rektesten. Deze testen resulteerden in een vergelijkbare gevoeligheid als wanneer
de sensoren bovenop een composietstructuur werden gefabriceerd (1.08 pm/µε voor het
≈ 50 µm monster en 0.82 pm/µε voor het ≈ 100 µm monster)
Na deze initiële karakterisatie werd eveneens het meten van rek in meerdere assen en de
ontkoppeling van temperatuur en rek aangepakt. Voor het meten van rek in meerdere assen
was het nodig om een gelijktijdige meting van 3 roosterstructuren in een rozet-configuratie
uit te voeren. Een rozet bestaande uit drie Bragg roosters in een 45° configuratie werd
ontworpen, gefabriceerd en gekarakteriseerd bij λ = 850 nm, gebruik makende van Ormo-
cer®. De gevoeligheid van het rooster volgens de last-as werd gemeten als 0.85 pm/µε,
hetgeen goed overeen stemt met de waarde die verkregen werd bij eerdere testen bij
λ = 1550 nm.
Het onderscheid tussen temperatuur en rek werd eveneens aangetoond gebruik makende
van een configuratie die slechts een beperkt aantal modes toelaat met hybriede golfgeleiders
bestaande uit Epocore als kernmateriaal en Ormoclad als mantelmateriaal. Initiële tests
geven aan dat er een groot verschil in de gevoeligheid voor temperatuur en rek kan gehaald
worden.
Hoofstuk vijf gaat over optische chemische sensoren die polymeertechnologieën gebruiken.
De sensoren zijn gebaseerd op een polymeer golfgeleider die super-paramagnetische
nanopartikel (NP) labels gebruikt in an typische “sandwich” bio-assay. Het uiteindelijke
doel was aantonen dat het mogelijk is om de cTnI cardiac bio-marker te detecteren in de
concentratie die relevant is voor diagnose en opvolgen van acuut coronair syndroom, een
verzamelnaam voor een aantal verschijnselen waarvan het hartinfarct waarschijnlijk het
bekendste is. De selectief gebonden NP worden geëxciteerd door een evanescent veld
(EV), hetgeen resulteert in verstrooiing van het licht. Dit verstrooide licht kan vervolgens
gedetecteerd worden met behulp van een camera of een fotodiode. De nanopartikels in
het EV werden belicht met een “slab” golfgeleider met geı̈ntegreerde roostergebaseerde
koppelstructuren met een pitch van 505 nm. Deze golfgeleider belicht enkel de NP die
zich bevinden in de nabijheid van de golfgeleider, maar niet deze die rondzweven in
het medium, en was gedimensioneerd om de noodzakelijke toleranties te voorzien voor
PoCT. De voornaamste uitdagingen waren de compatibiliteit van de gebruikte optische
materialen met de integratie van functionele bio-lagen (antifouling laag en antilichamen),
het bereiken van een uniform EV in het detectiegebied (om de NP gelijkmatig te belichten
en donkere gebieden te vermijden) en om roostergebaseerde koppelstructuren te integreren
met voldoende tolerantie op de hoek waarop licht kan ingekoppeld worden.
Tot slot worden in hoofdstuk zes de conclusies van de thesis samengevat en een aantal










There is a trend to add sensing capabilities to an increasing number of products oriented to
an expanding number of applications and markets. Adding sensing technologies provides
intelligence to the products which allows them to indicate, alert or react to physical or
chemical parameters. Sensors are being implemented in a broad spectrum of environments
and devices. We can find sensors in e.g. constructions, transportation, petrol infrastruc-
ture, home appliances, displays, lighting devices, and automation processes in industry.
Furthermore, owing to cost-effective solutions, sensing technology is now also used in
more personalized equipment such as wearable (e.g. bracelets, clothes, phones, watches or
contact lenses) and disposable devices (e.g. food packaging, medical test cartridges).
Optical-based sensors have proven to be a highly reliable alternative to the more traditional
electrical-based sensing systems in many applications and markets. The extensive research
in the optics and photonics fields, together with the development of novel fabrication,
integration and packaging technologies paved the way for the development of sensing
solutions meeting a wide range of requirements. Furthermore, electrical sensing systems
are not desirable in some applications e.g. in explosive environments, electromagnetic
sensitive environments or human body applications. Optical based sensors, however, are
immune to electromagnetic field interferences and they offer further potential advantages.
Polymer photonics is a relatively new field which is being explored for an increasing
number of applications. Polymers can have many different chemical compositions, which
allows to tune their characteristics to fulfill specific requirements. In this way, different
companies have developed commercial products for optical applications presenting a very
high transparency in the wavelength range of interest. They have been designed to be
suitable for specific processes such as photolithography or nanoimprinting or for having
specific properties such as being bio-degradable or bio-absorbable, highly hydrophobic or
electro-active. The research on polymer technologies is a very active topic and currently
new types of polymers are being developed to satisfy the increasing demand of concrete
specifications in terms of chemical and physical characteristics. Moreover, polymers posses
such a large range of variety and tunability in their optical and mechanical properties that
they present a unique opportunity for creative design. Polymer technology is intrinsically
cost-effective because of the low material cost and because they can be processed using cost
effective technologies. More specifically, polymers are compatible with roll-to-roll mass
production technologies. Another interesting aspect of polymers is the large elongation they
allow and their low Young’s modulus, leading to the possibility of flexible and stretchable










as high temperatures or it can lead to a decrease in performance in certain applications
compared to e.g. silicon-on-insulator photonics. However, the number of applications
in which polymer-photonics are usable is expanding, which is reflected in the increasing
number of research lines, publications and patents. The use of in-plane waveguide methods
(as opposed to fibers) is interesting because this configuration is compatible with planar
device formats, which are very compact. Beside that, rectangular polymer waveguides
can be easily fabricated with any cross-section which allows tuning the properties of the
guided light.
The work presented in this thesis was framed in the context of two projects within a
common frame, i.e. the development of cost-effective polymer optical sensors. In this
context, two different applications were pursued, on one hand a physical sensor for
structural health monitoring of composite materials, and on the other hand a bio-sensor to
detect the presence of a cardiac bio-marker.
Because of the lack of structural health monitoring systems, many structures are replaced
purely for precautionary reasons to prevent possible failure during operation. Adding
sensing intelligence to these structures not only prolongs their effective lifetime but also
significantly decreases the environmental and human impact through a reduced use of
raw materials and energy savings. Nowadays, composite materials are present in a wide
array of application markets such as automotive, aeronautics or civil structures by virtue of
their strength, stiffness and lightness. Thus, there is a common and widespread industrial
need for integrated sensing technologies and systems within these materials suited for
production and in-service monitoring.
In medical diagnostics there is a trend towards testing at the point-of-care (PoC), which
provides testing at or near to the site of patient care. PoC testing demands for sensors
which are affordable, sensitive, specific, user-friendly, rapid and robust, equipment free
and deliverable to end-users. In other words, an ideal PoC testing (PoCT) device should
not only be accurate but also fast, easy-to-use, cost-effective, compact and fully integrated.
Furthermore, the development of PoCT devices together with the advances in genetics and,
more in general, in molecular diagnostics paves the way to personalized medicine which
ensures the delivery of the right treatment to the right patient at the right time. In this
regard POCT is very relevant for the detection of protein biomarkers for disease diagnosis.
First, in chapter 1 the background on optical sensing is addressed. The context of the
thesis topic is given by motivating the use of waveguide sensors, discussing the planar
configuration and explaining the use of polymer materials.
In chapter 2 the main waveguide-related concepts and the main parameters that influence the
properties of the guided light are assessed. The main focus of this chapter is on comparing
low-refractive index contrast waveguide structures with their high refractive index contrast
based counterparts. First the most simple waveguide configuration (slab, 1-dimensional) is
considered and used to explain the influence of the refractive index contrast, waveguide
dimensions and polarization on the field properties. This slab configuration is also used
to obtain the sensitivity to changes in refractive index for bulk sensing and for adsorbed
layers with the goal of evaluating the potential of polymer-based waveguides for label-free










waveguides. The waveguide loss mechanisms and different light coupling methods are also
addressed. In this chapter gratings are introduced together with the two main applications
to be considered in this thesis i.e. as waveguide coupler structures and as dielectric mirrors
(Bragg gratings). The main parameters that influence their characteristics and behavior
are analyzed. In addition, the main polymers used in the frame of this thesis are presented
together with some of their characteristics. Among the different aspects that are taken into
account, those that are more relevant for designing polymer-waveguide based sensor are
summarized to provide a starting point when considering the use of polymers for a specific
application.
Chapter 3 is focused on the definition of micro- and nano-structures in polymers using im-
printing techniques. Replication of optical micro- and nano-structures via soft-imprinting of
UV-curable optical polymers using soft flexible polymer stamps is a fast, robust, high-yield
and cost-effective technology. The fabrication by imprinting comprises two main steps, the
replication of a master mold onto a flexible working stamp and the subsequent replication
of the pattern in this stamp to the desired optical polymer layer. Replication of large
area gratings with periods of 1010 nm, 505 nm and 278 nm were successfully transferred
from commercial or in-house-fabricated master molds to Ormocer® and epoxy-based
UV-curable optical polymers. Several waveguide structures (ridge, rib and inverse-rib)
with their core sizes of few-micrometer dimensions were fabricated showing high quality
over its complete length (centimeters). Bent waveguides (ring resonators) were also fabri-
cated without decrease in quality or yield. The combination of imprinted waveguides and
gratings was also implemented using two-step and single-step imprinting approaches.
In chapter 4 the technologies described in chapter 3 are applied for fabricating deformable
sensors which can be integrated within all types of layered materials, with a primary focus
on monitoring the structural health of composites during their complete life cycle, i.e.
from fabrication to operation. The goal was to overcome the limitations of the existing
(embedded) sensor technologies. The target was to develop multi-axial temperature
insensitive (or compensated) strain sensors which are thin enough not to disturb the
properties of the material in which they are embedded. Compared to standard fiber Bragg
sensors, the presented approach has as advantages the possibility of obtainment of ultra-
thin foils, an easier orientation and higher values of the involved sensing constants. In
this sense it was necessary to assess the material compatibility, fabrication technology
and test the final sensor performance. Epoxy-based waveguide foils presented a good
compatibility with the embedding process while the Ormocer®-based waveguide foils
resulted in waviness which caused delamination. Ormocer®-based and epoxy-based
Bragg sensors were fabricated on a composite substrate (FR4) and tested for strain and
temperature sensitivities at telecom wavelengths. Ormocer®-based sensors were found to
have a temperature sensitivity of approximately 250 pm ◦C−1 and Epoxy-based sensors
approximately 90 pm ◦C−1. The strain sensitivities were found to be 1.27 pm/µε for
epoxy and 1.41 pm/µε for Ormocer®. Epoxy-based Bragg grating sensor-foils of different
thicknesses were fabricated and released from a temporary substrate, to be embedded
during an autoclave composite production process. After embedding, composite specimens










≈ 50 µm and ≈ 100 µm were suitable for pig-tailing and tensile characterization, resulting
in similar sensitivities as when fabricated on top of a composite substrate (1.08 pm/µε for
the ≈ 50 µm sample and 0.82 pm/µε for the ≈ 100 µm sample) In addition, multi-axial
sensing and decoupling of temperature and strain were addressed. The multi-axial sensing
required the demonstration of multiplexing capabilities using three gratings in a rosette
configuration. A rosette consisting of three Bragg gratings oriented in a 45° configuration
was designed, fabricated and characterized at λ = 850 nm using Ormocer®. The sensitivity
of the grating along the load axis was found to be 0.85 pm/µε, which in good agreement
with the value obtained in the previous test at λ = 1550 nm. The sensitivity to transverse
strain was verified but further investigation is required to quantify the exact sensitivity.
The discrimination between temperature and strain was also demonstrated using a few-
modes configuration of hybrid waveguides with Epocore (core) and Ormoclad (cladding).
Preliminary tests indicate that a great difference in temperature and strain sensitivities can
be achieved.
Chapter 5 elaborates on optical chemical sensors using polymer technologies. The sensor
is based on a polymer waveguide for the illumination of super-paramagnetic nanoparticle
(NP) labels in a typical sandwich bio-assay. The final goal of this project was to demonstrate
the sensing of the cTnI cardiac bio-marker in the clinically relevant concentration range for
the diagnostics and monitoring of acute coronary syndromes such as myocardial infarction.
The selectively-bound NP are excited by an evanescent field (EF) resulting in the scattering
of light which is detected by a CCD camera or a photodiode. The EF NP illumination
was achieved using a 5 µm slab waveguide with integrated 505 nm pitch grating couplers.
The slab waveguide provides EF illumination to NP in the near-vicinity of the waveguide
core but not to those in the bulk of the sensing medium and was designed to provide
the required tolerances to be used for PoCT. The main challenges to overcome were the
material compatibility with the integration of functional bio-layers (antifouling layer and
antibodies), to provide uniform EF in the sensing region (to uniformly illuminate the NP
and avoid dark regions) and to integrate grating couplers providing the required in-coupling
tolerances (for easy light in-coupling).













There is a trend to add sensing capabilities to an increasing number of products oriented to
an expanding number of applications and markets. Adding sensing technologies provides
intelligence to the products allowing them to indicate, alert or react to physical or chemical
parameters. Sensors are being implemented in such a broad spectrum of environments
and devices that it is difficult to find a market that has not yet been explored. We can
find sensors in e.g. buildings and transportation, petrol infrastructures, home appliances,
displays, lighting devices, and automation processes in industry. Furthermore, the possi-
bility of providing cost-effective solutions for sensing has paved the way towards more
personalized equipment trough the integration of sensors in a wide range of personal
products such as wearable (e.g. bracelets, clothes, phones, watches or contact lenses)
and disposable devices (e.g. food packaging, medical test cartridges). In addition, recent
technological advancements, particularly in the field of (point-of-care) diagnostic devices
have revolutionized medicine and generated a demand for miniaturized, cost-effective and
disposable on-chip sensors. The global market for sensors is so extensive that it reached
101.9 billion dollars in 2015 and it is expected to reach 190.6 billion dollars by 2021 with











Electrical-based sensing systems are not desirable in some applications (e.g. in explosive
environments, electromagnetic sensitive environments or human body applications) due
to their sensitivity to electromagnetic fields. Optical sensors, however, are immune to
electromagnetic field interferences and they offer further advantages such as high sensi-
tivity and compactness [2]. Since the last four decades [3], optical sensors have evolved
significantly. Technological advancements in the last decade have resulted in development
of optical sensors that have been developed to work with a wide range of wavelengths from
ultraviolet (UV) to infrared (IR). The global market for optical sensors was valued at 291.6
million dollars in 2014 and the significant developments and innovations that are taking
place is indicating an exponential growth of the market over the forecast period. Market
is projected to grow from 315.9 million dollars in 2015 to 971.8 million in 2020, with a
CAGR of 25.2% from 2015 to 2020 [4].
1.3. Waveguide-based optical sensors
Optical sensors generally consist of a light source, a modulating agent, different optical
components and a detector. The invention of the laser and waveguides was of decisive
importance to the usability of optical sensors for an increasing number of applications [5].
The use of guided optics allows to confine the light in very small dimensions and transport
it in a controlled way (without the need of extra optical components) to the place in which
the sensing is performed. The possibility of fabricating waveguides led to a breakthrough
in optical sensing, since it was no longer necessary to have the light source and the detector
close to the modulator widely expanding the application fields. In addition, the use of
waveguides allows for a high degree of integration, which ultimately will reduce cost
and increase the potential uses. The quantities to be measured can be either physical or
chemical so we can refer to physical (e.g. force, strain) or chemical sensors. In this context,
bio-sensors are a subgroup of chemical sensors used for the detection of biological analytes
(such as, but not limited to enzymes, antibodies or nucleic acids).
Many different waveguide-based optical sensors have been proposed and used for a variety
of applications. We can summarize the majority of them in the following groups, based on





The operating principle of resonant sensors is based on a measurement of the transmission
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consists of positive and/or negative resonant peaks. These sensors monitor changes of the
RI in the tested region by measuring and processing variations in the spectrum [6]. Among
others, to this group belong the sensors based on ring-resonators [7–10], Fabry-Perot
cavities [11–14], plasmon-resonance [15–17] and photonic crystals [18] (e.g. gratings).
Gratings can be used as selective mirrors (Bragg gratings) [19, 20], couplers [21–24], or
Guided-Mode Resonance [25–30].
Interferometric-based sensors [31] exploit the variation in the interference signal based on a
change in optical path length (inducing phase shifts of the optical modes) due to the quantity
to be measured. Some examples are Mach-Zender [32–34] or Young interference [35–38].
Spectroscopy-based sensors rely on the selective absorption/emission of light by the sample
or a transducer. Some examples are the Raman-spectroscopy-based sensors [39–41] or
fluorescence-spectroscopy-based sensors [42–45].
Optical sensors can also be based on the analysis of the images generated when illuminating
particles such as fluorescent particles (bonded to the substances of interest) [46] or directly
imaging the objects of interest, e.g. cells [47–50].
In the case of bio-sensors we should distinguish between label-based and label-free sensors.
The label-based bio-sensors rely on the detection of certain labels, generally fluorescent
dyes, which are selectively bonded to the target analyte. The detection of fluorescent dyes
is a very sensitive technique and the measuring principle is very easy, however, it possesses
several drawbacks. For instance, the use of labels implies to perform a labeling protocol
and a washing step in order to prevent the non-selectively bonded labels to be detected.
The test preparation when using fluorescent dyes is costly and usually complex, requiring
the need of trained personnel and implying a number of potential sources of error. Also,
the binding of a dye to the targeted molecules will modify, in greater or smaller way, its
natural status impeding the kinetic measurement of molecular interactions. Furthermore,
quantitative analysis is challenging due to e.g. the difficulty to determine the exact number
of labels bonded to each target [51]. An interesting alternative is the use of a different kind
of label, (e.g. functionalized nanoparticles), which circumvents some of the mentioned
drawbacks, as will be explained in chapter 5.
On the other hand, label-free sensors detect the analyte in its natural form avoiding the
problems associated with the label-based bio-sensors, which paves the way to develop
more automated and cost-effective solutions. The operation principle consists of the
recognition of the target by immobilizing it on the sensor surface and detecting the
generated changes in the optical parameters. In addition, the label-free detection signal
based on the measurement of refractive index changes does not scale down with the sample
volume [51, 52] enabling to the possibility of using very small sample volume (e.g. a
single drop of blood).
The use of in-plane waveguide methods (as opposed to fibers) got a lot of attention in
scientific literature because this configuration is compatible with planar and therefore
very compact device formats [53–57]. This planar configuration presents an interesting











1.4. Polymer waveguide-based optical sensors
Polymers can be synthesized using different chemical compositions which allows tuning
their characteristics to fulfill specific requirements. In this way, different companies
have developed commercial materials for optical applications presenting a very high
transparency in the wavelength range of interest. They are being designed to be suitable for
specific fabrication processes such as photolithography or nanoimprinting, or for having
specific properties such as being bio-degradable or bio-absorbable [58], highly hydrophobic
or electro-active, or having special chemical and physical characteristics. Moreover,
polymers possess such a large range of variety and tunability in its optical and mechanical
properties that they represent a unique opportunity for creative design [59]. Polymer
technologies are intrinsically more cost-effective than e.g. semiconductor technologies
mainly because the reduced material costs and processes involved during fabrication
and patterning which are less expensive and they require less critical conditions [60].
Furthermore, polymer technology cab be compatible with roll-to-roll mass production
technologies [61–65]. Another interesting aspect of polymers is the large deformations
that they allow, leading to the possibility of flexible and stretchable devices [66].
Often, high refractive index (RI) inorganic materials (e.g. GaAs, Si, Ge, TiO2, Ta2O5,
Si3N4 [31, 57, 67]) are used as waveguide materials because they offer a larger refractive
index contrast (RIC) than polymers, which typically leads to greater sensitivity [68–71] and
a higher level of integration. However, for many applications there are other requirements
to be fulfilled that make polymers an excellent choice. For example, owing to the relatively
small RIC between different typical polymer materials, the waveguide dimensions are
larger (micrometer scale) compared to e.g. Silicon-On-Insulator waveguides, relaxing the
fabrication parameters and operating conditions, but still small enough to allow convenient
integration e.g. in a disposable cartridge [72]. Additionally, they allow easier interfacing
with standard single-mode fibers. Furthermore, polymers are transparent at wavelengths
where water has the lower absorption (VIS and NIR) which is very interesting for bio-
sensing applications. In addition, the recent availability of polymers possessing higher [73]
and very low refractive index [74–76] paves the way for achieving a RIC one order of
magnitude higher than the typical core/cladding combinations.
There is, in fact, an increasing interest in polymer-based photonics that is reflected in the
increasing number of research lines, publications and patents [64, 77–80].
1.5. State-of-the-art
While the previous sections gave a more general overview of waveguide-based sensors, this
section describes the state-of-the-art technologies and some applications which are directly
linked to the main topics of the current work. This review will therefore be limited to












The capability to fabricate nanostructures of high density and high resolution is very
relevant for different fields. A number of patterning techniques have been developed to
manufacture large scale photonic devices of various dimensions at low cost. Among them,
imprint lithography is one of the most promising because of its unique advantages, such
as high resolution, fast processing speed, high throughput, compatibility with diverse
materials, and low cost. This technique allows the fabrication of micro- and nanostructures
of various sizes using a wide range of materials at low cost and high throughput. They can
be applied for the fabrication of numerous photonic elements, such as optical intercon-
nects, sensors and metamaterials. The main imprinting techniques and applications are
summarized in [81].
The drawback associated with imprint lithography is the need for a master mold, which
generally requires high precision and is expensive. However a single master mold allows
for many replications. Also, imprinting techniques imply contact between the mold and the
polymer to be imprinted, thus defects can easily be generated leading to pattern distortions.
These defects may occur due to a non ideal conformal contact between the mold and the
polymer layer or during the demolding process. Moreover, there is usually a residual layer
on the substrate after the imprinting, which is typically not desired and thus has to be
minimized or removed. Nevertheless, the mentioned limitations can be well-tolerated in
many applications.
The patterns in the master mold are replicated to obtain a stamp which is used to subse-
quently imprint a polymer layer.
The patterned resist can either be itself part of the photonic device or it can be subsequently
employed as a mask to transfer the patterns to the substrate (by etching or lift-off). Since
imprinting is a high fidelity process, the imperfections (such as roughness or particles)
on the mold can easily be transferred onto the imprinted structures, resulting in degraded
device performance. It may be required to use a high quality mold or use a post-treatment
such as thermal reflow.
Compared to other lithographic techniques, nano-imprinting is capable of processing a
variety of materials. Tab.1.1 [81] lists some commonly used imprint resists and their
processing conditions. Furthermore, polymer science is an active field that is expected
to enable further applications for the imprinting technologies. One example are high
refractive-index materials, which are promising for building e.g. compact micro- and
nano-scale photonic devices. Although materials with (n > 2) are not easily attainable
in organic materials, titania-based imprinting resists using solgel chemistry have already
been developed, and they present a refractive index of n = 2.05 at λ = 590 nm [82]. This
publication reported the imprinting of TiO2 waveguide structures on top of high refractive
index inorganic materials. The final thickness of the structures was 30 nm and the total
imprinted area was 6 mm × 6 mm. However, the processing of such a high RI material
involved the use of high temperatures after the imprinting in order to control the structural
and optical properties of the imprinted structures, which can be incompatible with the use










Table 1.1: Some commonly used imprint resists and their processing conditions. Adapted
from [81].
Polymer name Imprinting condition
Poly(methylmethacrylate) PMMA Thermal (140 ◦C-180 ◦C, 600-1900 PSI )
Polystyrene (PS) Thermal (180 ◦C, 600 PSI )
Polycarbonate (PC) Thermal (220 ◦C, 1066 PSI )
NEB22 Thermal (120 ◦C-140 ◦C, 725 PSI )
PVPK Thermal (90 ◦C, 101 PSI)
Cyclic OlefinCopolymer (COC) Thermal (170 ◦C)
MR series Thermal, UV or combined thermal and UV
SU8 Combined thermal and UV
Cytop Thermal (150 ◦C, 600 PSI)




(e.g. TiO2, ZnO, ZnS, or ZrO2) embedded in a polymer matrix are currently being
studied for diverse purposes. Nanoparticle aggregation and scattering loss remain as key
challenges towards their applications in guided wave optics [83]. Imprinting resists can
also be doped with functional groups such as quantum dots or organic dyes [84] allowing
their use in many applications.
Several materials have been introduced for the stamp fabrication but there is a trend towards
the use of transparent polymeric flexible stamps. This is motivated by two main reasons,
achieving conformal contact over large areas and compatibility with roll-to-roll fabrication
methods (towards a reproducible, high-throughput cost-effective production). Although
the most popular stamp material is PDMS, recently developed perfluoropolyether (PFPE)
materials are demonstrating improved imprinting performance in a number of cases (such
as high aspect ratios) that are still challenging for PDMS-based approaches [85].
Imprinting technologies were initially developed as a nanofabrication technology. An
overview of the extensive use of nano-imprinting technology can be found in [86]. However,
the majority of the work in [86] was focused on transferring the imprinted nanostructures
to the substrate underneath.
The fabrication of polymer waveguide structures by imprinting is an emerging technology,
thus, there is only a limited amount of literature available. It has been applied for the
fabrication of e.g. EO modulators for various applications (e.g. high-speed communication
networks, radar systems, high frequency optical chopping, RF wave sensing). The polymer
imprinted structures have mainly been used in combination with other materials and
patterning techniques. The first all-imprinted EO modulator was reported in 2013 [87].










at infrared wavelengths [88]. However, there is an urgent demand for the development of
sensors at shorter wavelengths to be used for bio-sensing. The interest for developing sen-
sors operating in VIS and NIR can be understood when taking into account the absorption
of water which is about two thousand times lower. In addition, lower cost light sources are
available in this range.
Functional polymeric waveguides operating at VIS-NIR wavelengths were already suc-
cessfully fabricated [89]. However, for the fabrication process, electron beam lithography,
etching and anti-adhesion treatment processes were required [88, 90]. Recently a low-cost
fabrication process of centimeter-scale Ormocer®-based polymer microring resonators by
UV nano-imprint lithography was demonstrated [88], achieving Q factors around 120000.
The imprinting of Ormocer®-based waveguide structures is very novel and it is currently
attracting increasing attention [91, 92] by other researchers as well.
Furthermore, the all-imprinted integration of nano- and microstructures for developing
functional photonic sensors is the main novel technological aspect of this thesis. To our
knowledge, the only contributions to this topic are those presented in this thesis and in
corresponding publications of the author [72, 93, 94]. This is relevant for developing
roll-to-roll compatible sensor devices, e.g. using a single imprinting step.
1.5.2. Structural health monitoring of composite materials
Composite materials are extensively used in a wide array of application markets such as
automotive, aeronautics or civil structures. Non destructive testing (NDT) is the most
desired approach for structural health monitoring (SHM) of composite structures. Several
methods are currently being used and are subject of research. Such NDT methods include
radiographic, acoustic, electromagnetic and tomographic techniques [95, 96]. However,
not all methods allow the desirable in-situ monitoring and/or require personnel to perform
the measurements at the place of inspection (e.g. ultrasonic testing). Also some testing
techniques result in complex data requiring complex analysis and previous knowledge to
interpret the acquired data (e.g. thermographic methods).
Over the past few decades, (glass) fiber Bragg grating (FBG) sensors have emerged as a
suitable, accurate and cost-effective tool in SHM [97]. Fiber optic sensors have a proven
strain measuring capability with important characteristics as light weight, small size,
immunity to electromagnetic interference (as opposed to e.g. electrical strain gauges) and
the capability of multiplexing sensors in a single optical fiber. They can easily be integrated
into composite structures to produce so-called smart composite structures, with the goal to
access interior material and structure locations where other sensing methods cannot easily
probe [98]. Therefore FBG sensors are the state-of-the-art for strain sensing in various
structural applications. Despite the many advantages of embedded optical fiber sensors,
integrating them into structures leads to a number of specific problems which need to be
tackled [99]. The main issues associated with the use of embedded optical fiber sensors for
SHM are summarized below.
1. A crucial issue is the fragility of the entry point of the optical fiber in the composite










free-space connectors), eliminating the entry point entirely would be preferred. This
could be done by wireless transmission of data from the embedded sensor to a
read-out unit [99].
2. The distortion of the composite structure in the surroundings of the optical sensor
and the disturbance of the strain field in the composite material should be minimized.
In order to minimize the perturbation of the host material, fiber diameters should
be as small as possible and the fibers should be positioned parallel to the composite
reinforcement fibers. If standard fibers are correctly embedded they produce a
minimum perturbation of the host material. However, the different mechanical
properties of the fibers and the host material will lead to effects which have to
be addressed. On one hand, the strain field around an embedded optical fiber
is significantly changed. On the other hand, the stress/strain field present in the
composite host material will differ significantly from the one present in the optical
fiber core. In order to relate output of an embedded optical fiber sensor with the
structural strain, calibration steps and models have to be considered.
3. Residual strain, which builds up during the composite manufacturing process may
generate a distortion of the FBG spectrum which can create errors in the interrogator
response. This strain is mainly attributed to the mismatch of the fiber and the
composite resin mechanical properties. After curing the composite, during the
cool-down process, transverse strains are generated at the interface between both
materials. These residual strains will ultimately lead to different peak distortions,
even a splitting of the Bragg peak. By coating the fibers with a polymer material
(acrylate or polyimide) these effects can be reduced, and instead of distortion, a shift
of the Bragg peak occurs [101]. Other effects, such as non-linearities in the local
strain field, can also distort the spectrum [102].
4. Cross-sensitivity for strain and temperature is inherent to the Bragg grating sensing
technology because both parameters will lead to a shift in the peak wavelength. Typ-
ical measured values are 1.2 pm/µε and 13 pm ◦C−1 at telecom wavelengths [97].
Several strategies have been proposed for temperature compensation or discrimina-
tion. The main approaches are the use of an additional reference Bragg sensor which
can be either strain-free, or imposed on a different strain field or react differently to
the same strain field [99, 100]. Microstructured optical fibers offer new implementa-
tion possibilities for the discrimination of strain and temperature [103, 104].
Multi-axial strain measurements are highly desirable for SHM. Over the years, many
researchers have tried to compose a multi-axial strain or load sensor composed of one or
more FBGs written in standard or polarization maintaining optical fibers. Another option
is to use FBG sensors applied in a rosette configuration, similar to configurations used
for conventional electrical resistance strain gauges. However, when embedded, a large
composite distortion can be expected for such a configuration [105]. Novel microstructured
optical fibers (highly birefringent, butterfly MOFBG) have been studied for their capability










viability of using such structures for multi-axial and shear strain monitoring and providing
higher sensitivity than other fibers reported in literature. However, the novel capabilities
are at expenses of an increased complexity of the fiber (and therefore, its cost). In addition,
ensuring the correct geometrical position of the fiber and rotation around its own axis is
challenging and of notable importance in this approach.
Polymer Bragg sensors in plastic optical fibers (also known as polymer optical fibers)
(POF’s) present a recent and attractive option. The interest arises mainly due to their
improved failure strain, modification opportunities, lower elastic modulus (better matching
with the host material) and higher TOC. However, there are some challenges that should
be taken in account. For instance, polymers are visco-elastic materials, which certainly
complicates their use in strain sensors because they present hysteresis in the sensor response.
This effect can potentially be overcome when the polymer fibers are embedded because
the host material forces the fiber back to its original geometry. Another important issue
is the grating inscription, which currently requires long exposure times (typically tens of
minutes). The reported sensitivities for POF Bragg grating sensors range from 1.15 pm/µε
to 1.5 pm/µε at telecom wavelengths [107].
As an alternative to fiber sensors, waveguides on a planar substrate or even thin foil
could be used for strain sensing. Despite a very limited number of publications (20
publications with the topic ”planar polymer Bragg sensor” in the last 5 years in the ”web of
science” database) the planar approach is attractive because of its compatibility with very
cost effective fabrication methods, and the increased integration and ease of orientation
capabilities in comparison with fibers. Considering the broad range of opportunities that a
polymer planar platform provides for SHM (which will be shown in chapter 4) the author
believes the field will expand in the coming years.
In case of waveguides, the gratings can be imprinted, which may be a much faster and
more cost-effective technique compared to the state-of-the-art grating inscription which
comprises the use of a laser [108–111].
1.5.3. Polymer-based bio-sensors
As mentioned before, polymer photonics is a relatively new field, and traditionally these
materials result in low RIC structures. The state-of-the-art for polymer photonic based
bio-sensors is currently limited. A number of polymer photonic structures have been
reported (e.g. ring resonators) but typically in the context of other applications. However,
those structures are very relevant for bio-sensing.
Bio-sensing has benefited from the incorporation of polymer materials in different ways.
Microfluidics, for instance, is a field greatly benefited by the use of polymers. The cost-
effectiveness together with the ease-of-structuring are key elements for the fabrication of
microfluidic systems integrated with micro and nanostructures, which is relevant for the
development of diagnostic assays and micro-reactors [112, 113]. The most commonly
used polymers are PDMS, COC, PMMA and recently PFPE [114].
Molecularly-imprinted polymers (MIP’s) are an attractive application of polymers in the










with semi-synthetic ligands [115]. Molecular imprinting is a type of template-assisted
synthesis that results in selective cavities in a 3D-polymeric network. These cavities are
integrated in bio-sensors as the selective bio-recognition elements [116, 117]. Despite
the profuse amount of recent literature on MIP’s and some limited commercial activity,
these promising materials still need to overcome some limitations (e.g. production cost
and reproducibility) before taking their place in the analytical market.
Interference-based bio-sensors have been reported using only polymers [118] or in combi-
nation with a HRI layer to enhance the sensitivity up to about 100 times [70]. They are
extremely sensitive (orders of magnitude higher than SPR) but their integration and multi-
plexing are technologically complex [119]. There are several challenges still preventing
their utilization for PoCT [120].
Several types of polymer optical fibers (POF’s) have been developed thus far e.g. step-
index POF (SI-POF), single/multi-mode POF (SM/MM-POF), graded-index POF (GI-
POF) and microstructured POF (MPOF’s) [121]. The most common materials are PMMA,
COC and amorphous fluoropolymer (CYTOP®). Different sensing approaches have
been proposed. Microstructured POF’s (MPOF’s) biosensors have the advantage that
bio-chemical reactions and definition of sensor layers can be performed inside the air
holes [122], thus achieving enormously high sensitivities. Biological samples may hence
be probed by the optical field without removing the fiber coating and cladding, thus
maintaining the robustness of the fiber. In addition, the sample volume can be minute
(nanoliters), due to the small cladding holes [123]. Despite the high sensitivities that these
fibers can achieve, the non-planar configuration hinders their application for integrated
sensors.
Ring resonators [124] have attracted significant attention in recent years because of their
unique combination of high performance sensing capabilities in a platform that allows
highly multiplexed [125], low cost measurements. The use of polymers for ring resonators
is more extensive than for other kind of sensors [126–129]. The sensitivity of a microring
sensor is determined by the Q-factor of the microresonator. The minimum detectable
effective index change is inversely proportional to the Q-factor of the device. The resonance
Q-factor is defined as the ratio of stored energy in the resonator cavity to the energy loss
per cycle [130]. Using polymers, reported values show Q-factors (at λ = 1550 nm) of
Q = 20000 [130], Q = 50000 [128]. Examples of reported values for other materials are
Q > 40000 (at λ = 1550 nm) [125] (commercial sensor chip, silicon-based), Q = 155000
[131] (hybrid TiO2 Si3N4). Polymer are reported as resulting in a relatively low Q-factor,
which may limit its sensor performance. Nevertheless the reported Q-values and initial
bio-sensing test indicate that they are promising for label-free bio-sensing.
Surface plasmon resonance (SPR) [132, 133] is a very sensitive biosensor technique and the
most widespread planar waveguide-based detection system found in the market. However,
SPR is challenging for multiplexing [119] and current SPR instruments are still bulky
and costly [134]. Furthermore, while angular and spectral sensitivity is very high for
SPR sensors, the resonance linewidth is rather large. Since only a single polarization
(TM) can physically be used for detection, changes in refractive index and biolayer










This is a particularly significant problem in portable diagnostic applications where thermal
variations are probable [135]. The most commonly applied excitement configuration is
the so-called Kretschmann geometry, which uses a prism to excite the SPR. However,
it is not possible to develop a miniaturized sensor device for lab-on-a-chip and point-
of-care applications using the Kretschmann configuration [136] due to the bulky end
instrumentation required. Since the first SPR biochip in 1983, glass substrates have been
largely used as the substrate material. Nevertheless, the use of polymers as substrates
for SPR devices has grown in the last few years, motivated mainly by their low-cost
design and ease of construction. These biochips can typically be produced by injection
molding, which is well-understood but involves the use of a relatively costly metal mold,
resulting in a high cost per unit if few prisms need to be produced [133]. Recently,
advanced lithography techniques have made it possible to fabricate sub-wavelength metal
gratings suitable for SPR sensors. The primary advantage of metal nanograting-based
SPR sensors is miniaturization, enabling lab-on-a-chip commercial applications [137].
Grating coupling based SPR sensors are typically less sensitive. The resonance condition is
strongly dependent on the grating parameters. Hence, several theoretical and experimental
studies have been carried out, in attempts to improve the performance of sensors, especially
their sensitivity [138]. An angular sensitivity maximum of up to 500◦/RIU -600◦/RIU
has been theoretically reported using the Kretschmann configuration [139]. This sensitivity
was obtained by considering a very low refractive index prism.
Guided-mode resonance (GMR) sensors can operate in multiple modes yielding multiple
peaks for determination of a corresponding number of parameters. This multi-peak capabil-
ity is unique to GMR-sensor technology and not possessed by any competing methods; its
application protects against false readings and erroneous conclusions and presents a major
strength of this technology relative to other sensor methods [135]. However, in order to
achieve sufficient sensitivity as a bio-sensor, a high refractive index contrast is needed. This
condition, when using typical substrates (n ≈ 1.5) , requires the use of dielectric materials
with a refractive index higher than n = 1.76 (such as TiO2 or Si3N4) [132]. In these
cases, the obtained sensitivity is 78◦/RIU [132]. Alternatively, the use of a lower-index
substrate would improve the sensor sensitivity. According to [132] if using a free-standing
grating with n = 1.35, the theoretical sensitivity is as high 500◦/RIU . Although this free-
standing foil is considered as an ideal limit, far from current implementations, the obtained
result can be seen as a good opportunity for the development of GMR sensors using very
low refractive index polymer as the substrate. The reduction of the refractive index of the
cladding was partially exploited in [140]. The proposed device is based on TiO2 sputtered
on COC. Nanocavities are created by etching of the COC, resulting in an improvement
of the sensitivity from 82.5 nm/RIU to 181.9 nm/RIU . An all-polymer GMR sensor
consisting on the combination of two polymers with n = 1.6 (OrmoClear® HI01 XP)
and n = 1.4 (PDMS) has been reported showing a sensitivity between 31 nm/RIU and
43 nm/RIU [80].
We should note that another challenge of the polymers to be used for bio-sensing relates to
the absorption of water when they are brought in contact with the buffer solution. Due to










absorb water molecules to a certain extent, which results in a change in its refractive index.




The purpose of the research is the integration of nano- and microstructures using imprinting
technologies for high throughput and cost-effective fabrication of polymer waveguide-
based sensors. We aim to develop a technique which can be transferable to roll-to-roll
production technology. This requires obtaining high quality structures over large areas
(e.g. several square centimeters). Our goal is to integrate 1D gratings with pitches down to
300 nm in polymer waveguides with cross-sectional dimensions ranging from about 2 µm
to 5 µm (with bends). The main challenges are the reduction (ideally elimination) of the
residual layer of the waveguides and the imprinting of small pitch gratings over a large area.
The technologies will be implemented using different commercially available polymers
(mainly Ormocer® and Epocore/Epoclad) and applied in two concrete applications:
structural-health monitoring of composites and bio-sensing.
1.6.2. Polymer sensors for structural health monitoring of com-
posite materials
The goal is to investigate if the limitations of the existing (embedded) fiber sensor tech-
nologies can be tackled by using polymer waveguide sensor foils. The target thus is
to develop thin, multi-axial temperature insensitive (or compensated) strain sensors. In
order to do this, we need to design and fabricate planar polymer Bragg waveguide sensors
capable of addressing the mentioned requirements. In this sense it is necessary to assess the
material compatibility with respect to the host material, fabrication technology and sensor
performance. In addition, multi-axial sensing and decoupling of temperature and strain
needs to be addressed. The multi-axial sensing requires the demonstration of multiplexing
capabilities. Furthermore, with a rosette composed of three sensors it is possible to measure
multi-axial and shear stresses. Since the orientation of three grating sensors using fibers is
challenging, we believe that a planar approach can improve the state-of-the art. In order to
decouple the influence of temperature and strain we will attempt to implement in a planar
configuration the recently proposed few-modes approach [141] which was demonstrated
using POF. This approach relies on the different sensitivities that different guided modes
present to both strain and temperature. As the measurement accuracy of temperature and
strain strongly depend on the errors in the measurement of the Bragg wavelengths [142], we
will investigate how to increment the differences in the sensitivities of different modes to
minimize the relative error on both parameters simultaneously. In order to be able to embed
a fully-integrated system the ultimate goal is to propose sensors that can be integrated with
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Figure 1.1: Troponin levels of relevance. [143, 144]
shorter than those used in telecommunications (i.e. NIR instead of 1550 nm). Therefore,
we will implement designs compatible with 850 nm sources. Furthermore, the optical
losses of the considered polymers are lower at 850 nm than at telecom wavelengths.
1.6.3. Polymer-based bio-sensors
In medical diagnostics there is a trend towards testing at the point-of-care, which provides
testing at or near to the site of patient care. PoC testing demands for sensors which
are affordable, sensitive, specific, user-friendly, rapid and robust, equipment free and
deliverable to end-users. In other words, an ideal PoC testing (PoCT) device should not
only be accurate but also fast, easy-to-use, cost-effective, compact and fully integrated. In
particular, our target is to develop a polymer waveguide-based platform for the illumination
of super-paramagnetic nanoparticle (NP) labels within the context of the NextDx project 1.
The final goal of this European project is to demonstrate the sensing of the cTnI cardiac
bio-marker in the clinically relevant concentration range for the diagnostics and monitoring
of acute coronary syndromes. The required sensitivity is sub-nanogram per liter and the
dynamic range should allow the measurement of micrograms per liter (see Fig. 1.1).
The sensing concept is, roughly, to use optical contrast labels which are functionalized and
magnetically actuated (for mixing and washing steps) resulting in the selectively binding of
the NP which have captured analyte onto a surface. The selectively-bound NP are excited
by an evanescent field resulting in the scattering of light which is detected by a CCD
camera or a photodiode. The designed illumination platform must be compatible with the
required bio-chemistry (antifouling layer and antibodies) and provide a uniform evanescent
field. Furthermore, it has to be compatible with a compact and cost-effective interrogation
system. This will impose further restrictions on the design in terms of tolerance to the
light in-coupling parameters. In addition, as the final sensor chips need to be disposable,
1Next-generation integrated MNBS-platform for instant diagnostics with single-molecule resolution. Funded










cost-effectiveness is crucial. The fabrication flow will be chosen to be compatible with
roll-to-roll fabrication methods.
Traditionally polymer sensors have not been considered suitable for high sensitivity label-
free sensing due to the low refractive index contrast of the polymer waveguides. However,
the development of polymers with very low and high RI paves the way for a re-evaluation
of the intrinsic limitations. Therefore, we want to make a theoretical analysis of the
potential and limitations of polymer-based sensors in comparison to those commonly
implemented. Since the possibilities for designing bio-sensors are certainly wide, we
will limit our study to the simplest case, the two-layer (under-cladding and core) slab
waveguide. The sensitivity to changes of refractive index in the upper-cladding (in the
bulk or in a thin layer on top of the core) will be theoretically evaluated for relevant RI
(corresponding to existing materials) and some intermediate/extreme values. The goal is
to be able to pre-evaluate material combinations that potentially can fulfill (or not) the
requirements for different applications.
1.7. Overview
The work presented in this thesis was developed in the context of two projects with a
common frame, the development of imprinted polymer optical sensors. Two different
applications were pursued, on one hand, a bio-sensing platform and on the other hand a
physical sensor for structural health monitoring of composite materials. Polymer photonics
is a highly interdisciplinary topic and relatively new, thus requiring the combination of
very different backgrounds in order to fully exploit its benefits and find the most relevant
applications. The large variety of properties and processing capabilities of polymers
together with the high degree of tunability of their properties present a great opportunity
but also a great challenge from the optical design point of view. Furthermore, there is still
a long way to go before we can consider polymer photonics to be fully explored. The
work presented in this thesis shows the high potential of this research topic. Although
we can obviously not claim to provide a complete overview of all the possible aspects
involved in the subject, we have tried to compile a toolbox to facilitate future ideas and
implementations in the field of polymer sensors.
In chapter 2 the main waveguide-related concepts and the main parameters that influence
the properties of the guided light are assessed. Special attention is put on comparing these
low-refractive index contrast (e.g. common polymer-based) waveguide structures with
their high refractive index contrast (e.g. Ta2O5 on glass) counterparts.
Gratings are periodic nano-structures which can be used to manipulate the light for many
different purposes. In this chapter they are introduced together with the two main applica-
tions to be considered in this thesis i.e. as waveguide coupler structures and as dielectric
(Bragg) mirrors and the main parameters that influence their behavior are analyzed. In
addition, the main polymers used in the frame of this thesis are presented together with
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more relevant when considering the design of a polymer-waveguide based sensor are
summarized.
Chapter 3 is focused on the definition of micro- and nanostructures in polymers using
imprinting technologies. The fabrication by imprinting comprises two main steps, the
replication of a master mold onto a flexible soft polymer stamp and the subsequent
replication of the pattern in the desired polymer layer. Master mold, working stamp and
imprinting are described and applied for the fabrication of gratings and waveguides alone
and combined.
Chapter 4 applies the technologies described in chapter 3 for making flexible polymer
waveguide sensor foils for structural-health monitoring, based on the Bragg grating sensing
principle.
Chapter 5 applies the technologies described in chapter 3 for point-of-care (PoC) bio-
sensing within the context of the NextDx project. The final goal of this European project
was to demonstrate the sensing of the cTnI cardiac bio-marker in the clinically relevant
concentration range for the diagnostics and monitoring of acute coronary syndromes.
The main achievements and future work are summarized in chapter 6.
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Olav Gaute Hellesø. Temperature Sensitivity of a Waveguide Young Interferometer.
IEEE Photonics Technology Letters, 28(11):1205–1208, 2016.
[36] Aurel Ymeti, Jan Greve, Paul V Lambeck, Thijs Wink, Stephan WFM van Hövell,
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background and design aspects
2.1. Introduction
Initially, glass fibers were used for communication purposes, due to their characteristics
(e.g. high bandwidth, resistance to corrosion, small size, low weight) and to the possibility
to fabricate very long fibers capable of guiding light with very small attenuation. The
development of the semiconductor industry boosted the development of waveguides using
dielectric materials which are CMOS compatible. This made possible the processing of
very high index contrast waveguides leading to not only a very high degree of integration
capabilities but also to devices very sensitive to changes of the environment.
Different materials, designs and fabrication technologies have been extensively studied and
demonstrated [1]. However, despite the fact that typically polymers cannot compete with
such high refractive index contrast platforms, in some applications they can offer clear
advantages (e.g. higher elastic modulus [2], higher thermo-optic coefficient [3], readily
bio-functionalized [4]). Furthermore, the development of new polymers presenting very
interesting properties, have paved the way towards their application in areas traditionally
dominated by the semiconductor technology (e.g. electro-optic modulators, board-level
optical interconnects [5] or photonic sensors [6]). In addition, polymers offer different
capabilities e.g. extended wavelength operation windows [7], a large variation in properties
and tunability generating many new opportunities to exploit them in a variety of areas.
Furthermore, the cost-effectiveness of polymer-based photonics is itself an advantage.
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any waveguide structure. Furthermore, these programs allow to sweep parameters to
optimize a certain figure of merit. However, on one hand, simulations may be highly time
consuming and, on the other hand polymer waveguides are difficult to accurately model.
The difficulty in modeling arises because changes in the synthesis of the prepolymer or
in the processing of the polymer structures will induce differences in the final properties
such as refractive index or birefringence. For this reason, understanding the dependence
of the modal characteristics with respect to the different design parameters provides us
with a toolbox for the conception of systems exploiting the advantages of polymers. In this
thesis we provide a review of the dielectric optical waveguide theory together with the key
optical element, the grating, used to develop the optical waveguide sensors constituting the
framework of our research. The review is focused on comparing polymer photonics (low
RI contrast) with semiconductor photonics (high RI contrast).
In section 2.2 the waveguide concept is introduced. Although many of the basic waveguide
concepts are known to the photonics engineer, they are briefly repeated as a reference.
In section 2.3, the solution of the slab waveguide case is presented and discussed.
In section 2.4, the influence of the refractive index contrast, waveguide dimensions and
polarization on the sensitivity is considered for the slab waveguide case (for which the
cross-section is infinite in one dimension) , the simplest configuration. This analysis is
first focused on changes of the RI of the upper-cladding (bulk sensing) and afterwards for
the detection of layers (of certain RI) adsorbed at the interface between the core and the
sensing medium (upper-cladding). Different slab waveguide configurations are described
in terms of their main optical characteristics and some particular cases of interest are
presented.
In section 2.5, the previous waveguide concepts are extended to the 2-dimensional case.
The waveguide loss mechanisms and different light coupling methods are addressed in
section 2.6 and 2.7 respectively.
Section 2.8 introduces the grating concept together with the two main applications to be
considered in this thesis i.e. as waveguide coupler structures and as distributed Bragg re-
flectors (DBR). In addition, the main parameters that influence their behavior are analyzed.
In section 2.9, the characteristics of optical polymers are described, with focus on the most
important parameters that influence the sensing performance of the optical devices.
Finally, in section 2.10 some results and design considerations are summarized.
2.2. Propagation in dielectric waveguides
An optical waveguide is a structure that confines and guides light. This structure is,
in general, constituted by the so-called core and cladding layer(s), where the core is
possessing a higher RI than the cladding(s). The light can be confined in one direction
(slab waveguide) or in two directions and propagates in a direction perpendicular to the
cross-section of the geometry of the confinement boundaries. Without loss of generality we
assume ẑ as the direction of propagation. Let us consider a waveguide which is invariant
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y coordinates.
To study the characteristics of light propagation in a waveguide, it is needed to find the
solutions of the Helmholtz equation with the correspondent boundary conditions at the
interface between core and cladding(s). For a detailed analysis the reader is referred
to [8, 9]. These boundary conditions depend, of course, on the nature of the material and
the considered frequency (wavelength). In the following we will consider the materials to
be linear, homogeneous and isotopic.
An optical mode (for a given wavelength) is a spatial distribution of optical energy in one
or more dimensions that remains constant in time [10] and it is completely determined by
the cross-sectional geometry and refractive index profile of the waveguide. The allowed
guided modes are discrete, i.e. only a limited number of well-defined mode profiles are
allowed, due to the conditions that the confinement imposes. The boundary conditions for
the electric and magnetic fields are related to the normal and tangential directions to the
surface on the core-cladding interfaces.
If we consider the projection of the vectorial Helmholtz equation for the electric ( ~E) and
magnetic ( ~B) fields on an arbitrary vector, ~u, we can obtain the wave-equation for the
scalar fields ~u · ~E and ~u · ~B, which we can note as a generic scalar field Ψ.
This implies the existence of solutions of the wave equation for the electric and magnetic
fields oriented in a fixed direction, i.e. fields with linear polarization.
When the light is not confined, the electric and magnetic field are perpendicular, (in
homogeneous mediums) and transverse to the propagation direction. However, this is
not necessarily true in a waveguide, where the electric and magnetic fields only are both
transverse to the propagation direction in very specific cases. If we consider a lossless
dielectric medium, the solutions (one field vibrating in a direction perpendicular to the
propagation direction (ẑ)) we are searching can be expressed as:
~Ψ(~r, t) = ~Ψ0( ~rT )e
i(ωt−βz) (2.1)
Where the propagation constant β is yet to be determined.
Substituting this expression into the Helmholtz’s equations will result in the following
equation:

































= ∇2T +∇2z (2.4)
When solving the Helmholtz equation for an optical waveguide, the different regions that
define such structures need to be taken in account. A solution is found in each region and
the boundary conditions that formally connect those solutions are applied. These boundary
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of dielectric interfaces, the continuity of the tangential component of ~E and ~H and the
normal components of the magnetic induction field ( ~B) and electric displacement field ( ~D)
must be satisfied.





With this definition: (
∇2T + k0(n− neff )
)
Ψ(~r, t) = 0 (2.6)
Where n is the RI of the core.
The neff has a value closer to the RI of the core when β approaches k, the propagation
constant of a wave traveling in an infinite medium of the same index as the core.
To obtain the explicit expressions of the fields we can make use of the Maxwell curl
equations that relate the components of the electric and magnetic fields.
The procedure to solve a specific problem will be determined for the particularities (e.g.
geometry, symmetries) of the structure to be solved.
Different types of solutions can exist depending on the characteristics of the problem. We
can consider the following definitions [8]:
Transverse Electromagnetic Waves (TEM Waves). These waves contain neither an
electric nor a magnetic field component in the direction of propagation.
Transverse Magnetic Waves (TM or E waves). These waves contain an electric field
component but not a magnetic field component in the direction of propagation. That
is, ~ϕ(~r) = 0.
Transverse Electric Waves (TE or H waves). These waves contain a magnetic field
component but not an electric field component in the direction of propagation. That
is, ~φ(~r) = 0.
Hybrid waves (HE or EH waves). These waves contain all components of electric
and magnetic fields. These hybrid waves are obtained by linear superposition of TE
and TM waves, that is, ~ϕ(~r) 6= 0 and ~φ(~r) 6= 0.
2.3. The slab waveguide
2.3.1. Mode equations and solutions
The most simple waveguide configuration is the slab waveguide. A slab waveguide is
a structure infinite in one of the dimensions of its cross-section consisting in a core
surrounded by two layers with lower refractive index values.
It is interesting to analyze the slab waveguide mode solutions (exact numerical solutions)
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and it represents the basic building block for the later study of planar waveguides in two
dimensions. First, lets consider TE modes Ez = 0 in a slab waveguide (see Fig. 2.1).
Without loss of generality we can consider the infinite direction to be ’y’ so ∂/∂y = 0.
The boundary conditions to be imposed at the boundaries (x = 0, x = d) :
1. Continuity of tangential component of ~E ⇒ ET = Ey ŷ + Ez ẑ ⇒ ET = Ey
continuous
2. Continuity of tangential component of ~H ⇒ HT = Hy ŷ +Hz ẑ continuous
3. Continuity of normal component of ~D ⇒ DN = εEx continuous
4. Continuity of normal component of ~B ⇒ BN = µHx = µ0Hx ⇒ HN = Hx
continuous





















AsE = Ey to be a TE mode in the slab, and from the relations of the transverse components
we can check that the only non-vanishing field components are Ey , Hx and Hz .
Also, from 2.7a we can see that the continuity of normal component of the magnetic flux
density is equivalent to the continuity of Ey. Thus, the boundary conditions have been
reduced to the continuity of Ey and ∂Ey/∂x.
Therefore, the most straightforward way to proceed in this case is to solve the Helmholtz
equation for the Ey component of the field:
∂2Ey
∂x2
+ (k2 − β2)Ey = 0⇒
d2Ey
dx2
+ (k2 − β2)Ey = 0 (2.8)
The guided solutions, corresponding to the confined states of the light, are oscillatory
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Figure 2.1: Schematic of an asymmetric slab waveguide and the TE and TM modes [11]




Where the sub-index (i=f,s,c) denote respectively the core (f=film), substrate (s=under-
cladding) and cladding (c=upper-cladding) and nf > ns > nc. It can be seen that the real
part of the field in the core corresponds to sine or cosine solutions while in the cladding
are exponential decaying solutions. This kind of solutions can exist if:
k2f − β2 > 0⇒ β < k0nf
β2 − k2c > 0⇒ β > k0ns
(2.10)
Thus, the condition for guided modes is:
k0nf > β > k0ns → nf > neff > ns,c (2.11)
The guided modes are not the only field distributions that satisfy the wave-equation. There
also exist solutions that represent non spatially-confined waves but radiative waves. The
radiative modes form a continuum spectrum and together with the guided modes they are a
complete and orthogonal set, thus, any arbitrary wave present in the guide can be expressed
as a combination of modes [12].
The condition for which a mode is no longer guided but radiates to the substrate is called
the cutoff condition and the associated cutoff frequency is given by:




The fields on the cladding regions are evanescent (they are bounded to the surface). This
so called evanescent field (EF) decays with an exponential constant that depends on the
mode. The distance in which the electric and magnetic field amplitude decays with 1/e
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the inverse of γs,c and is known as the penetration depth Zs,c . The penetration depth is,
therefore, determined by the contrast between neff and the refractive index in which the
evanescent field is penetrating (at a certain wavelength).
The geometry of the waveguides and the refractive indices in the modes are taken into
account through neff which can be considered as an average refractive index felt by the
guided mode.
As the modes are not completely confined in the core, it is interesting to define an effective
thickness that accounts the differences between the confinement of the modes.
deff = d+ ∆Zc + ∆Zs (2.13)
The confinement factor Γ of a certain mode in a region is the ratio of the power in such





In the coordinate system of the problem, the physical solutions of the fields take the form:
Ey(x) = Cce
−γc(x−d) ifx ≥ d (2.15a)
Ey(x) = Cf cos (γfx+ φ0) if0 ≤ x ≤ d (2.15b)
Ey(x) = Cse
γsx ifx ≤ 0 (2.15c)
If we consider the continuity of the fields and it derivatives at the boundaries x = 0, x = d
we obtain:
Cs = Cf cos(φ0) (2.16a)
γsCs = −γfCf sin(φ0) (2.16b)
Cc = Cf cos(γfd+ φ0) (2.16c)
−γcCc = −γfCf sin(γfd+ φ0) (2.16d)
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This equation is the eigenvalue equation (dispersion relation) whose solutions give the
neff that corresponds to the guided allowed modes. As the equation is transcendental (no
analytical solution exist), to find the solutions it is necessary to use numerical or graphical
methods.
Note that if we had chosen sine solutions in the core, the arctan functions in eigenvalue
equation would have the opposite sign [13] and an inverse argument or, in other words, we
would obtain the same expressions with arctan replaced by − cot. The solutions are in
both cases of course the same.
Using the trigonometric identity:
tanA−B = tanA− tanB
1 + tanA tanB
It is possible to re-write the expressions as follows [14]:
tan γfd =
γf (γs + γc)
γ2f − γsγc
(2.19)
Now, let’s go back and consider the analog problem of TM modes in a slab waveguide.
If we interchange the roles of ~E and ~H in the equations we can see that when imposing
the continuity of Ez is this time equivalent to the continuity of (1/ε)(∂Hy/∂x) which
will lead to similar expressions that in the TE case but with an extra dependence on the

























Broadly speaking, the behavior of TM modes is similar to that of TE modes. However,
further analysis shows that the refractive index ratios lead to field profiles with no longer the
smooth and continuous shape of the TE modes. Also, the detailed shape of the dispersion
diagram will slightly differ for the TE case. However, if the index differences are small
(n2f/n
2
s,c → 1) the two type of modes are practically identical. This regime is known as
the weak guidance [13].
It is also common to re-express the eigenvalue equation in terms of the normalized fre-










































q = 0, 1, 2, . . . (2.23)













b+ aTM (1− bd)
1− b
q = 0, 1, 2, . . .
(2.24)















Note that normalized guide index can take values from 0 in the cutoff condition (neff = ns)
to 1 (neff = nf ) and the higher the value the more confined is the mode. The asymmetry
parameter takes a value of 0 for symmetric waveguides (ns = nc) and tends to infinite for
strongly asymmetric waveguides [15].
The asymmetry parameters consider the refractive index of the three layers and sometimes
it is convenient to refer to the relation between the refractive indexes of core and substrate
which defines the limit values of the neff . The refractive index contrast, ∆ is defined as:
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We can easily obtain the cutoff condition for the propagation of the fundamental mode (V0)














Vm = V0 + qπ (2.27b)
The number of guided modes is given by the largest value of q for which Vm > V .
From the expression giving the cutoff thickness (eq. 2.27a) we can infer that:
1. if the waveguide is symmetric ns = nc TE and TM polarizations (with the same
value of q) have the same cutoff condition and there is no cutoff for the fundamental
mode.
2. The cutoff thickness is greater for asymmetric waveguides and TM polarization.
3. The more asymmetric is the waveguide, the more difference between TE and TM
modes.
4. For waveguides with higher refractive index contrast, the cutoff thickness is smaller.
Lets consider, as an example, the graphical solutions for a waveguide with typical refractive
index values of polymers nf = 1.54, ns = 1.525 and air as a top cladding (nc = 1). This
graphical solutions (see Fig. 2.2a) were obtained using a self-written MatLab program
which plots the two sides of the eigenvalue equations and the solution is found from the
intersection of the generated curves.
Now, if we compare with waveguides with higher index contrast (Fig. 2.2b) we can
appreciate how the TE and TM solutions are more separated in neff when the index
contrast is higher.
The dispersion curves for TE modes in waveguides with different values of asymmetry are
plotted in Fig. 2.3
Note that as the curves are normalized the only difference between waveguides with
different refractive index contrast would be the number of allowed modes.
If we consider now the TM polarization we can appreciate the difference in shape between
both polarizations and how this is more pronounced in the case of higher refractive index
contrast waveguides, as shown in Fig. 2.4.
2.3.2. Mode intensity profile
Now let’s consider the intensity distribution of the modes. As was discussed before the
fields of guided modes have a sinusoidal profile inside the core and an exponential decaying
profile in the cladding regions. We also know that certain components of the field are
continuous across the boundaries however other components present a discontinuity that
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(a) Comparison between waveguides with 2 µm and
10 µm core thickness
















(b) Graphical solution for a waveguide core whose
refractive index is similar to the one of Si
(nf = 3.65, ns = 1.45,∆ = 0.4211) for 0.5 µm core
thickness
Figure 2.2: Graphical solutions of slab waveguide modes. The plots correspond to the
dimensionless left-hand side and right-hand side of eq. 2.18. The solutions of the
transcendental equations are given by the interception points.


















Figure 2.3: Dispersion curves of TE mode for different values of a, the asymmetry
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(a) Ormocer-based (nf = 1.54, ns = 1.525) dispersion
curves for a waveguide core thickness of 5 µm

















(b) Dispersion curves at 850 nm for a waveguide core
whose refractive index is similar to the one of Si
(nf = 3.65, ns = 1.45). The core thickness is 0.5 µm
Figure 2.4: Dispersion curves for slab waveguides at 850 nm with water as upper-cladding
for different values of aTE and aTM , the asymmetry parameters. The graphs correspond
to eq. 2.23 and eq. 2.24
The intensity profile of a mode is given by the component of the Poynting vector in the
propagation direction (Sz = 1/2Re( ~E × ~H)ẑ).
In Fig. 2.5 the mode profiles of a symmetric (2.5a) and asymmetric (2.5b) waveguide are
plotted for typical values of the core and cladding versions of optical polymers. The mode
simulations were done using a free software [16]. The given values of Sz correspond to
a normalization of the modes to unit power flow. The integral along the x-axis of the
longitudinal component Sz of the Poynting vector evaluates to 1 W µm−1 (power per
lateral (y) unit length). In this case we can appreciate how the TE and TM modes have a
very similar behavior and there is not appreciable discontinuity at the boundaries. In the
asymmetric case, the mode is pulled towards the substrate with a refractive index closer to
the refractive index of the core.
In Fig. 2.6 and Fig. 2.7 the TE and TM intensity profiles are shown for two symmetric
waveguides with a different core refractive index and the same cladding refractive index
value nc = 1.333, corresponding to water. Compared with Fig. 2.5 the TE and TM modes
have a substantial different behavior and the TM modes present a discontinuity at the
boundaries. This is due to the boundary condition of the continuity of ~D = ε ~E and is thus
more pronounced for the case of a higher refractive index contrast.
From the plots we can see how for different thicknesses the value of the power at the
boundaries changes, reaching the maximum for a certain value which depends on the
refractive index contrast. For wide cores, the intensity of the mode is mostly accommodated
in the core layer while for very small values the mode spreads its power in the transverse
direction, thus, reducing the power at the boundary. Higher refractive index contrasts allow
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(a) 0.8 µm core thickness


















(b) 2 µm core thickness
Figure 2.5: Intensity profiles of waveguide with different core thicknesses and nf = 1.55
and ns = nc = 1.333.

























(a) 0.05 µm core thickness


























(b) 0.15 µm core thickness


























(c) 0.20 µm core thickness



























(d) 0.25 µm core thickness
Figure 2.6: Intensity profiles of waveguides with different core thicknesses and nf = 1.55
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thickness.
If we compare now two waveguide configurations with (almost) the same refractive index
contrast (Fig. 2.8) we can see how for the case with a lower refractive index of the core, the
penetration depth in the claddings are higher. Other differences are the maximum power
value and the power values at the boundaries. These are influenced by the confinement
in the core region (which is lower for the lower core index case) and the position of the
maximum intensity (related to the asymmetry). Despite having the same refractive index
contrast, these waveguides posses differences on the core refractive index and asymmetry
factors which are translated in different modal characteristics.
The differences on the modal characteristics for the different configurations will lead to
differences in the performance as bio-sensors, as we will see later.
2.3.3. Ray Model
The ray model considers the light as a ray that is guided by successive total internal
reflections on the interfaces between the core and the claddings. In other words, the light
travels inside the waveguide describing a zigzag-path. This simple ray-picture is sufficient
if the waveguide thickness d is much larger than the wavelength of light λ. If d and λ are
comparable in size, the wave nature of light has to be taken into account [17].
In this model, the discrete nature of the guided modes will be given by the constructive
interference condition (self-consistency condition). In its propagation, the light will reflect
consecutively in the interfaces, accumulating a phase shift in every reflection. The total
phase change for a guided wave that bounces once between the two interfaces must be a
multiple of 2π. This condition is satisfied for a discrete number of incident angles. This
angles (respect to the propagation direction) define the allowed propagation constants
kz = kcos(θ). The effective refractive index, therefore, is also linked to the angle trough
neff = nfcos(θ) where the lower order modes posses lower angles than the higher orders.
In this model is easy to see that modes with angles higher than the critical angle will not
be guided anymore but will radiate.
This model is also useful to visualize the numerical aperture, which is the sine of the angle
of acceptance of rays from air into the slab. The numerical aperture will determine which
modes can be excited with a light source illuminating the cross-section (NA = sin(θmax))
2.4. Sensitivity to changes in the refractive index of
the cladding
When waveguides are used as label-free bio-sensors, their performance is given by their
capabilities of detecting changes in the surrounding medium. The sensitivity to changes
of the upper-cladding refractive index is relevant for applications in which the changes
are expected to occur in the bulk of the sensing medium. Also, this bulk sensitivity is the
starting point to explore the sensing performance for different combination of refractive
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(a) 0.05 µm core thickness


















(b) 0.15 µm core thickness

















(c) 0.20 µm core thickness



















(d) 0.25 µm core thickness
Figure 2.7: Intensity profiles of a waveguide with different core thicknesses and nf = 2.1
and ns = nc = 1.333.
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finding material combinations which can provide relevant sensitivities and which are also
compatible with the fabrication requirements (i.e. material compatibility, compatibility
with processing techniques).
2.4.1. Bulk sensitivity
As waveguide modes extend in the claddings, the neff is sensitive to changes in the
refractive index of the claddings. This sensitivity is defined as the relative change of neff
with respect to changes in nc (∂neff/∂nc) and therefore will be different for different
modes and waveguide configurations. If we keep the refractive index of the under-cladding
(ns) fixed the sensitivity of a waveguide mode to the refractive index of the top cladding







































Where ∆Zc designates the penetration depth in the cover medium, deff = d+∆Zc+∆Zs
is the effective core thickness and nc and nf are respectively the refractive index of the
cover medium (top-cladding) and the waveguiding layer (core). The sub-index ρ denotes
the polarization of the mode, being 0 for TE and 1 for TM. The explicit expressions for








((neff nc)2 + (neff ns)2 − 1)ρ
(2.29)
From expression 2.28 we can see how the sensitivity depends on the fraction of power in
the cover medium and the contrast between the neff of the mode and the refractive index
of the cover medium. Both polarizations are affected by the ratio nc/neff < 1 leading to a
sensitivity lower than the fraction of power in the cladding. However, TM modes are at the
same time influenced by the square of inverse relation, which results in an enhancement of
the sensitivity.
In order to analyze the influence of the waveguide parameters on its sensitivity, we consider
several waveguide configurations, for which the characteristics are shown in Tab. 2.1. The
RI values for this study were chosen to be representative of different waveguide materials
(such as e.g. Si, Ta2O5, PFPE, PDMS, typical optical polymers). These configurations
are analyzed using a self-written MatLab program that obtains the neff of the allowed
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Table 2.1: Characteristics of the analyzed slab waveguide configurations. The top-cladding
(sensing medium) is considered water (nc = 1.333). RIC = ∆ = ((n2f − n2s)/2n2f )
nf ns ∆ a







WG1 1,55 1,52 0,019 5,793 10,590 0,617 0,667 2,265 2,315
WG2 2,10 1,52 0,238 0,254 0,254 0,051 0,098 0,396 0,444
WG3 1,55 1,34 0,126 0,031 0,031 0,036 0,048 0,677 0,689
WG4 2,10 1,34 0,296 0,007 0,007 0,008 0,020 0,318 0,330
WG5 1,40 1,34 0,042 0,114 0,114 0,128 0,140 1,361 1,373
WG6 1,38 1,34 0,029 0,172 0,172 0,190 0,202 1,706 1,718
WG7 1,35 1,34 0,007 0,696 0,696 0,675 0,687 3,723 3,735
WG8 1,55 1,32 0,137 0,055 0,055 0,046 0,063 0,679 0,695
WG9 1,34 1,32 0,015 1,843 1,843 1,089 1,106 4,744 4,761
WG10 1,34 1,20 0,099 18,005 18,005 1,558 1,610 5,214 5,266
WG11 2,10 1,20 0,337 0,128 0,128 0,034 0,081 0,342 0,390
WG12 1,55 1,20 0,200 0,538 0,538 0,127 0,178 0,760 0,810
WG13 1,70 1,40 0,161 0,197 0,197 0,069 0,103 0,587 0,622
WG14 3,60 1,20 0,444 0,030 0,030 0,008 0,048 0,158 0,197
WG15 1,55 1,40 0,092 0,414 0,414 0,137 0,171 0,888 0,923
WG16 2,10 1,40 0,278 0,075 0,075 0,027 0,061 0,347 0,380
WG17 3,60 1,40 0,424 0,017 0,017 0,006 0,036 0,157 0,187
WG18 3,60 1,52 0,411 0,050 0,050 0,011 0,050 0,164 0,203
WG19 1,70 1,52 0,100 0,920 0,920 0,160 0,209 0,817 0,866
WG20 1,70 1,34 0,189 0,017 0,017 0,020 0,032 0,498 0,510
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(a) WG1: nf = 1.55,ns = 1.52





















(b) WG2: nf = 2.1,ns = 1.52; WG3:
nf = 1.55,ns = 1.34; WG4: nf = 2.1,ns = 1.34
Figure 2.9: Comparison of the sensitivities for four different slab waveguide
configurations at λ = 675 nm.
First, let us analyze the case when the refractive index of the sensing medium is lower than
the refractive index of the under-cladding (nc < ns) which is the most common case in
bio-sensing.
In Fig. 2.9, the sensitivities of four different refractive index configurations are plotted. In
these plots we can see how in asymmetric waveguides, a low contrast between core and
under-cladding (Fig. 2.9a) leads to a critical decrease in sensitivity compared to Fig. 2.9b
(note the difference between both scales).
In Fig. 2.10 the normalized power in the cover medium (second term in eq. 2.28b) is plotted
for the fundamental TE0 and TM0 modes for the four considered cases. By comparing
with Fig. 2.9 we can observe how this parameter has the largest influence on the bulk
sensitivity. If we compare the plots of the waveguides 3 and 4 in Fig. 2.10 with the plots
of sensitivity we can appreciate how in the case of waveguide 4 (with a higher refractive
index contrast), the TM modes are more affected by the terms of the equation depending
on the ratio of neff to nc (first and last term in eq. 2.28b). As was commented before,
the higher index contrast leads to a greater discontinuity of the field for TM modes at the
interfaces of the slab waveguide which is also depending on the refractive index difference
between the two media.
As the neff is lower in WG3, the efficiency of the TE mode will be less affected (reduced)
by the first term of the equation 2.28b. However, if we consider the TM mode (which is
affected by the last term of eq. 2.28b), the total effect on the sensitivity due to the ratio of
neff to nc will results in a greater enhancement for the WG4.
The influence of the wavelength on the sensitivity curves when the refractive indexes are
fixed are shown in Fig. 2.11. As can be seen, the maximum sensitivity does not change
with the wavelength. However, for longer wavelengths the maxima of the curves shift
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Figure 2.10: Comparison of the evolution of the normalized power in the cover medium









50 Polymer photonics: theoretical background and design aspects



















Figure 2.11: Sensitivity curves of TE0, TM0, TE1 and TM1 modes of WG3 for
λ = 675 nm and λ = 1550 nm.
for relaxing the fabrication conditions.
If the refractive index of the sensing medium is greater than the refractive index of the
under-cladding (cases 8 to 12 and 14 in Tab. 2.1), the sensitivity of a mode is maximum and
equal to the unit at the cutoff thickness, decaying with increasing values of the thickness.
When the thickness approaches the cutoff thickness, neff → nc and Pc/P → 1, thus, the
penetration depth becomes infinite and the mode propagates mainly in the sensing medium
(See Fig. 2.12).
If we plot the maximum sensitivity of the analyzed waveguide configurations with respect
to the refractive index contrast (see Fig. 2.13, right), we find that the data does not show
a direct correlation. In Fig. 2.13 (left) the maximum sensitivity as a function of the core
refractive index for different under-cladding refractive index values is plotted. From the
trends shown in this graph we can see how e.g. a waveguide consisting of a Ta2O5
(RI ≈ 2.1 at λ = 633 nm) core on typical substrates (RI ≈ 1.45−1.55) will provide less
bulk sensitivity than a waveguide consisting of a low RI polymer (RI ≈ 1.34) cladding
and a core made of a typical optical polymer (RI ≈ 1.55).
2.4.2. Sensitivity to adsorbed (bio)layers
In some circumstances, such as in many bio-sensing applications, the refractive index
change will not happen in the bulk but on a thin layer on top of the core. We are referring
to functionalized surfaces which will selectively bind analyte, creating a thin layer on the
interface between the core and the sensing region (aqueous medium). The sensitivity of a
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(a) nf = 1.55, ns = 1.32



















(b) nf = 1.34, ns = 1.32
Figure 2.12: Bulk sensitivity with an under-cladding with lower refractive index than the
sensing medium at λ = 675 nm.
Figure 2.13: Maximum sensitivity to bulk changes in refractive index of the
upper-cladding as a function of the core RI (left) and RIC (right). The numbers of the
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(a) WG8 (nf = 1.55, ns = 1.32)























(b) WG2 (nf = 2.10, ns = 1.52)
Figure 2.14: Sensitivity to an adsorbed (bio)layers with na = 1.45 at λ = 675 nm.
As can be seen in Fig. 2.14, a lower refractive index in the under-cladding does not result
in a similar enhancement of the sensitivity compared with the bulk sensing. In this case, as
we are interested in detecting changes in a thin layer on top of the core, having a mode
mainly propagating in the cover medium does not translate into a much greater sensitivity.
Instead, in this case the lower refractive index of the under-cladding only influences the
sensitivity by slightly pulling the mode towards the sensing region. If we compare the
sensitivities of the waveguides presented in Fig. 2.14, we can see how using a core/cladding
combination of a low RI polymer (ns = 1.32) with a typical optical polymer (nf = 1.55)
does not result in a dramatic decrease in sensitivity compared to the use of higher index,
inorganic (e.g. Ta2O5) benchmark materials. This again indicates the potential of LRI
polymers to achieve sensitive sensors.
In contrast with the case of bulk sensing, if we consider the dependence of the maximum
sensitivity with the refractive index contrast (Fig. 2.15, right) we can clearly see a corre-
lation. The refractive index contrast has the most influence on the maximum sensitivity
while other parameters only affect the value in a small amount.
In Fig. 2.15 (left), the maximum sensitivity as a function of the core refractive index
for different under-cladding refractive index values are plotted. From the trends shown
in this graph, we can see how e.g. a waveguide consisting of a Ta2O5 (RI ≈ 2.1 at
λ633 nm) core on typical substrates (RI ≈ 1.45− 1.55) will provide approximately the
same sensitivity than a waveguide consisting of a low RI polymer (RI ≈ 1.34) cladding
and a core made of a high refractive index optical polymer (RI ≈ 1.7).
2.5. 2D Planar waveguides
In the general case, waveguides confine light in two dimensions. The most simple cross-
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Figure 2.15: Maximum sensitivity to an adlayer of nf = 1.45 at λ = 675 nm. The
datapoints correspond to the 21 analyzed waveguides. The numbers of the legends indicate
ns.
Figure 2.16: Main configurations of 2D planar waveguides [23].
waveguides) cross sections. Some of the most often used planar waveguide configurations
are schematized in Fig. 2.16. Except for a few cases with special geometric structures,
such as circular optical fibers, 2D dielectric waveguides do not have analytical solutions
for their guided mode characteristics such as the mode intensity profile. Furthermore,
in two-dimensional waveguides, TM and TE fields can not independently satisfy the
boundary conditions and the guided modes are therefore not longer strictly TE or TM
but hybrid in nature, thus having the six components of the electromagnetic fields [24].
Moreover, the magnitude of longitudinal components of the fields increases with the
refractive index contrast [25]. To solve the modal equations and propagation characteristics
of most waveguide configurations, several numerical solvers have been developed. Solvers
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Figure 2.17: Decomposition of a strip waveguide into two perpendicular slab waveguides.
This decomposition is used in the Effective Index Method. [26]
Roughly, we can consider a rectangular waveguide as composed of two perpendicular slab
waveguides (effective index method). Of course this approximation is better for some cases
than for others, but the general behavior of the modes can be visualized by considering
this decomposition (see Fig. 2.17) [26]. We can visualize a rectangular waveguide as a
slab waveguide in the wider direction (defining the TE and TM modes orientation) which
is distorted by the presence of the lateral borders. The waveguide configuration can be
approximated by a slab waveguide with core and claddings having certain effective indexes.
In this case we can refer to TE-like and TM-like polarizations in which the ~E field and ~H
field are mostly parallel to the ’slab’ boundaries, respectively. Applying the concepts from
the study of the slab waveguides, we can extrapolate that the light with an e.g. TM-like
polarization will have a discontinuity at the ’slab’ boundaries due to the component of the
~E field perpendicular to them.
This modal decomposition is very intuitive for waveguides whose width is much larger
than the thickness (strip waveguides). In this case, the neff corresponding to TE-like
and TM-like modes are inherently different due to the spacial asymmetry. However,
square waveguides do possess a spatial symmetry and if the cladding is constituted by
a single refractive index, ’thickness’ and ’width’ are just a convention meaning that the
TE-like and TM-like modes degenerate so there is no difference in neff between them.
Furthermore, the TE-like (or quasi-TE ) and TM-like (or quasi-TM) decomposition relates
to a spatial decomposition of the electromagnetic vectors in the two orthogonal directions
defined by the cross-sectional geometry. According to this convention, a TE-like mode
will be polarized (electric field vibration direction) in the ŷ direction and a TM-like in
the x̂ direction as defined in Fig. 2.17 [27]. Nevertheless, in the most general case the
waveguide core will not be perfectly square, and the cladding will be constituted by regions
with different characteristics, in addition the materials may present birefringence thus,
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Figure 2.18: Electric field Ex and Ey components of respectively TE-like (left) and
TM-like (right) modes of a Si strip waveguide (SiO2-Si-Air) with width of 300 nm and
height 300 nm. [28]
Fig. 2.18 shows the electric field distributions of the TE-like and TM-like fundamental
modes of a waveguide with a square-profile core of Si, an under-cladding of SiO2 and
surrounded by air. In the images we can see how the discontinuity of the field is localized
at the side boundaries for the TE-like modes and at the top and bottom for the TM-like.
If we compare the slab waveguide with the rectangular waveguide having the same thick-
ness we can check that the lowest cutoff thickness is provided by the slab and the highest
by the square cross-section. The rectangular waveguides are intermediate cases. As the
confinement occurs in 2D, it is required to use two labels (’m’ and ’n’ sub-index) to identify
the mode order. The mode order in rectangular coordinates is an indication how many
maximums and minimums the intensity profile has in each spatial direction.
When guided modes in both polarizations are excited the total polarization and intensity
pattern of the total radiation in waveguides will be position dependent because of the
difference in the phase velocity of different modes. The intensity pattern is therefore
sensitive to geometrical, strain or bending perturbations [27].
The neff of the modes is highly dependent on the specific geometry. In Fig. 2.19 the
simulated values (using [16]) of the neff of the supported modes in a waveguide with
nf = 1.573 and ns = nc = 1.519 at λ = 1550 nm are shown. In symmetric cases, the
modes with the same number of lobes are degenerated, thus, having the same neff .
In order to characterize and compare beam profiles, it is necessary to define the mode
size. The mode field diameter (MFD) can be defined along any specified line that is
perpendicular to the beam axis and intersects it. As beams possess a decaying tail (no
sharp edges) the MFD can be defined in different ways. The ISO standard definition of
the MFD is the D4σ beam width or second moment width. The D4σ width of a beam
in a certain direction is 4 times the standard deviation (σ) of the marginal distribution.
Mathematically, the D4σ beam width in the x-dimension (Dx) for the beam intensity
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Figure 2.19: Effective refractive index of the supported modes of a waveguide with
n1 = 1.573 and n2 = n3 = 1.519 at λ = 1550 nm. The legend represent the
cross-sectional dimensions in µm.
Figure 2.20: Intensity profile of the TE-polarized supported modes of a waveguide with
n1 = 1.573 and n2 = n3 = 1.519 at λ = 1550 nm with cross-sectional dimensions:
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Dx = 4σx = 4
√√√√∫∞−∞ ∫∞−∞ I(x, y)(x− x̄)2 dx dy∫∞
−∞
∫∞





−∞ I(x, y)x dx dy∫∞
−∞
∫∞
−∞ I(x, y) dx dy
(2.31)
2.6. Optical propagation losses
When considering a material for waveguide fabrication it is necessary to take into account
several aspects regarding its optical performance. Transparency is an essential property in
optical applications but the losses that are considered acceptable depend on the concrete
application. For instance, for long distance telecommunication applications the waveguide
loss is a crucial parameter being currently about 0.2 dB km−1 for silica optical fibers
which is currently at least three orders of magnitude less than the values for POF’s [29].
However, in short distance telecommunications or sensing applications the requirements in
terms of losses are more relaxed. In this context, polymers are suitable materials.
Optical losses are caused by different mechanisms and they constitute a limiting factor in
many applications such as telecommunication, or integrated circuits. Losses can be due to
the intrinsic characteristics of the material (absorption), radiation (e.g. waveguide bends)
or scattering in the volume or at the surface [30]. The intrinsic loss and its dependence
with the wavelength is characteristic of the material composition which determines its
absorption characteristics and defines certain ’operation windows’ in which the losses
are minimum. The scattering losses, on the other hand, are proportional to the scattering
centers and depend on the relative size of the imperfections compared to the wavelength of
light in the material. Scattering is also dependent on the refractive index contrast, roughness
correlation length, (which depends on the material and fabrication method) [25, 31]. The
roughness is, thus an important factor influencing the propagation losses. The roughness
can be described by theRq value, defined as the root-mean-square (RMS) or second central
moment of the vertical deviation from a reference line distribution (yi) of a surface which







Although a quantitative relation between the refractive index contrast of a waveguide and its
losses is difficult to establish, in general, the scattering losses per unit of area increase with
the index contrast (∆) as (∆n)4 [25]. Volume scattering losses are generally much lower
compared with the surface scattering which can be significant even for relatively smooth
surfaces, particularly in the case of higher-order modes due to the strong interaction with
the propagating field trough its evanescent tail [30]. Radiation losses are in practice caused
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reducing the neff below the guiding condition. This causes a limitation in the bend radius.
Bending losses have an inverse dependence with the refractive index contrast. As a rule
of thumb, the minimum bending radius that guarantees 0.1 dB rad−1 of bending loss is
given by Rmin ≈ 5(∆n)−1.5µm. Typically, the minimum bending radius is 0.5 cm for
∆n = 0.69% (square waveguide single mode for 5µmx5µm), 0.4 mm for ∆n = 4.5%,
30µm for ∆n = 35% (silicon nitride strip waveguide) and few microns for a Si-wire [25].
2.7. Methods for coupling light into waveguides
Light coupling is the mechanism by which light power is transferred from some mode to
another. In order to excite modes in a waveguide, it is necessary to asses the requirements
to efficiently transfer the power from the source (such as a laser beam, a fiber mode or free
space propagating light). There are several mechanisms to do this and the most common
ones are butt-coupling, prism-coupling and grating coupling [10, 32, 33]. The efficiency
of the coupling directly relates to the overlap of the mode-field diameters of the incident
mode(s) and the mode to be excited.
Butt-coupling is the most straight forward technique consisting of injecting light through
the cross-section of the waveguide. Generally, the efficiency of this method is mainly
depending on the overlap of the mode fields but also on the end-facet properties such
as roughness and refractive index. This is a very simple approach that can provide
very high efficiencies. An example situation is the light coupling from a glass optical
fiber to a waveguide. In this case, there is an evident mismatch between the ’large’
mode field diameters of the fibers and the field diameter of high refractive index contrast
waveguides [25]. To overcome this problem, a tapered or lensed fiber can be used to reduce
the mode size. Other options are to fabricate waveguides with a tapered cross-section
which makes the mode less confined, thus, increasing the mode field diameter or use an
intermediate medium-low index contrast waveguide that will couple the light by other
mechanism [25]. In the case of multimode waveguides, the modes that will be excited
depend on the numerical apertures of the source and waveguides (higher order modes
correspond with greater angles). It is also needed to consider that reflections between the
end-facets of the fiber and waveguide will occur. To reduce this effect and to provide a
better matching, a refractive index matching liquid (or glue) can be used.
Prism coupling is based on the tunneling of the modes in a high refractive index medium
(the prism) to another high refractive index medium (the waveguide) which are separated
by a lower refractive index medium. The coupling occurs by means of the evanescent
field when it extends further than the gap between the prism and the waveguide [34]. The
light source excites modes inside the prism that will be coupled to the waveguide modes
when the phase matching is achieved. The coupling efficiency is mainly affected by the
gap thickness, the in-coupling position and the in-coupling angle. This method potentially
provides a very high efficiency, however, it is not suitable for integrated applications due
to the high dependence of the efficiency with the gap thickness. This method is mode-










to be used for metrology applications to measure the refractive index and thickness of thin
layers [35].
Grating coupling is a very popular solution in integrated applications. Grating couplers
can be easily integrated within the waveguide structure and can be adapted to couple
light to many different configurations. The principle of operation relies on the phase
matching between a grating diffracted order and a waveguide mode. To obtain high
efficiency a careful design is necessary, selecting the correct parameters for a concrete
light source (wavelength, angle and polarization). The selectivity of the grating couplers
can be exploited for sensing applications. Further analysis will be made in 2.8.1.
2.8. Gratings
An optical grating is an optical component which imposes on an incident wave a periodic
variation of amplitude or phase, or both. When a light wave front reaches the periodic
structure it will excite secondary spherical wave fronts that will propagate and interfere
leading to a certain light distribution (diffraction pattern) that will depend on the specific
problem and the distance of observation.
The main parameters that define the response of the light when interacting with a grating are
pitch, geometry, depth and refractive index. In brief, the pitch defines the center wavelength
of the diffracted spectrum, the geometry modulates the spectrum shape and the refractive
index and depth (in combination with the grating length) determine the bandwidth and
efficiency. The effect of a grating on an in-coming beam can be summarized by the addition
of a momentum given by the grating vector ( ~K) which is parallel to the refractive index
modulation and has a magnitude given by K = 2π/Λ.
~Kq = ~Ku − q ~K (2.33)
Where q = 0,±1,±2 . . . is the grating order number, ~Ku is the wavevector of the un-
diffracted ( i.e. q = 0) beam, and ~Kq is the wave-vector of the qth diffracted order.
In general, the directions of constructive interference (diffraction orders) are those for
which the phase difference between the contributions of two neighboring grooves is very
close to a multiple of 2π; in the case of an infinite number of grooves the phase difference
should be strictly equal to a multiple of 2π. The phase matching condition (2.33) is
accomplished for certain angles θq given by the grating equation:




Where λ0 is the wavelength in the grating cover medium, Λ is the pitch of the grating, n
is the refractive index of the medium where the grating modes of interest propagate, n0
is the refractive index of the incidence medium and θ0 is the angle of incidence (defined
positive).
The existence of the different diffracted order modes depends on the ratio between the
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Figure 2.21: Surface relief grating and sign convention used to define the grating
orders [36].
with imaginary propagation constants (imaginary angles) are evanescent (superficial)
modes. When all the diffracted orders are evanescent, the gratings are named zero-order
(sub-wavelength).
In the framework of this thesis we consider only sinusoidal or binary gratings due to the
availability of cost-effective solutions to fabricate these on optical polymers.
2.8.1. Gratings as couplers
Coupling light to a waveguide means to inject light from a lower to a higher refractive
index medium. Thus, if we want to inject light from the top or the bottom, the angle of the
beam in the waveguide medium will approach the surface normal, which is not compatible
with the angles corresponding to guided modes. Gratings can be used to couple light by
matching the momentum of one of their diffraction orders with the momentum of the
guided mode we want to excite.
The relation between the incoupling angle, θ0, and neff can be obtained from the grating










A grating coupler is a reciprocal system. If we consider the output beam and we reverse the
time so it becomes the input beam traveling back to the coupler, the coupled beam would
be the same as the original input beam traveling in the opposite direction. Therefore, we










will be given by the combination of the efficiency of the grating diffraction order (of the
angle we want to use for in-coupling) and the overlap between the intensity profile of the
out-coupled field and the (gaussian) beam to be in-coupled [36]. This can be expressed as:
η = ηiqηG (2.36)
Where ηiq is the efficiency of the q
th grating order in the i region (i = c for cover, i = s.
for substrate) and ηG refers to the geometrical efficiency i.e the overlap of the light profiles.






When light traveling in a single mode waveguide encounters a diffraction grating, the
waveguide becomes lossy (leaky waveguide). A leaky waveguide characteristic parameter
is the electric field decay factor αi. This decay factor is also known as the grating strength
(radiation coefficient [38]) and determines the intensity profile of the out-coupled light, thus,
determines the geometrical efficiency of the coupling. The inverse of the grating strength is
the propagation length (L), i.e. the length after which the propagation power is reduced by
a factor e2 [36, 39]. The intensity profile of the out-coupled light is exponentially decaying
and can be described by the expression:
Iout(x) ∝ Ii0e−αx (2.38)
The geometrical efficiency can be calculated from the expression (i.e. overlap integral of











This is for infinite gratings. For a grating with a length L, the overlapping integral should
contain this limit which leads to a correction factor:
ηL = 1− e−αL (2.40)
Note that the effective radius that the grating will see is the radius of the beam divided by
the cosine of the input angle.
For an ideal infinite, uniform grating, the maximum overlap with a gaussian beam, thus
the maximum geometrical efficiency achievable is 0.8010 [40]. To increase the achievable
efficiency, it is possible to consider non-uniform grating couplers providing an out-coupled
profile that overlaps better with the in-coupling beam.
In most realistic grating coupling situations, the grating length is of the order of the coupled
beam cross-section.
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Polymer gratings are weak [41], with typical values of grating strength of ≈ 1mm−1 [42].
This means that a long grating length (containing tens of thousands of periods) is required
in order to be consider infinite i.e. to obtain the maximum achievable geometrical efficiency.
To obtain a good overlap between the incoming beam and the exponential distribution, it is
required the use of a large beam (radius of mm), which is not directly compatible with the
mode field diameter of an optical fiber.
The spectral characteristics of the grating coupler are related to the grating strength. The
weaker the grating is, the greater the number of periods required for maximum in-coupling,
thus the closer is the situation to an ideal grating (i.e. infinite) which has a Dirac delta
response. Therefore, weaker gratings result in a narrower-band response [43].
2.8.2. Gratings as Bragg mirrors for sensing
Operating principle and spectral characteristics
A periodic modulation of the effective index in a waveguide leads to coupling (exchange
of power) between modes (mode coupling). This phenomenon can be exploited to couple
modes traveling in opposite directions ( short period gratings) or between modes traveling
in the same direction (long period gratings) [44].
When a mode traveling in a waveguide interacts with a grating that causes coupling to
a counter-propagating mode, we refer to a Bragg grating. A Bragg grating, thus, is a
wavelength selective mirror reflecting those modes that are in resonance with the counter-
propagating diffracted grating order. The reflected signals only interfere constructively in
a narrow band around one particular wavelength. The matching condition can be extracted






Where N denotes the reflection order. The width and shape of the reflected spectrum
depends on the grating properties.
One of the most widely used approach for Bragg grating analysis is the coupled-mode
theory, a general tool developed in different areas of physics to model the interaction
between fields in a periodically perturbed structure [45]. This theory considers the fields in
the unperturbed waveguide as quasi-modes in the perturbed waveguide which are coupled
among each other [46] by the periodic modulation. This approach is inherently approxi-
mate, and is valid only when the amplitude of the modulation is small with respect to the
unperturbed propagation constant. However, the coupled-mode method is conceptually
simple and intuitive. Furthermore, it also enables the description of finite and nonuniform
structures, so that apodisation, chirp, and phase shifts can be considered using the same
coupled-wave equations and simply considering coupling coefficients to be position depen-











In the frame of this thesis we will consider the results of the coupled-mode theory owing
to their easy implementation which allows us to understand how the different parameters
(e.g. length, groove depth) will influence the characteristics of Bragg spectrum.
The Bragg reflection can be seen as the superposition of the partial reflections caused
by the interface of regions with different refractive index. Each period possesses two
interfaces whose reflections interfere constructively at the Bragg wavelength. Considering
the partial reflections with the associated phase shift and the coupled-mode theory, the
spectral characteristics can be linked to the grating parameters.










Where κab, κba are the so called coupling coefficients, ∆ (also denoted by ∆β) is the phase-
mismatch constant (also known as detuning constant). The phase-mismatch depends on the
propagation constants (βa, βb) of the non-perturbed modes and the spatial variation of the
coupling perturbation. The coupling factor κab is determined by the considered physical
situation (including the mode propagation characteristics and perturbation parameters).







This condition is satisfied if κab = κ∗ab
Solving this equation with the corresponding boundary conditions at the origin z = 0 and
end z = L of the perturbation it is possible to approximate the reflectivity (R) as a function























κ = |κab| (2.44c)
In many cases, the perturbations can be represented as a distributed polarization source
~Pper(~r, t). A perturbation in the form of a refractive index (n) modulation will result in a
perturbation (for TE-to-TE or TM-to-TM coupling) of the form [45]:
Ppert = ∆ε(r)ε0 ~E(~r, t) = (∆n)
2(r)ε0 ~E(~r, t) (2.45)
The wave equations for the perturbed problem can be obtained from the Maxwell equations
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If we consider a perturbation in a form of a shallow grating with a rectangular profile and
a duty cycle of 50% as a corrugation between the core and the upper-cladding on a slab
waveguide, then:














Where (∆n)2(x) = n2f − n2c over the grating depth (−a ≤ x ≤ 0) and η ≡ 2π/Λ. The
termF(rect⊗comb) represents the Fourier transform of a square wave profile (convolution
of rect and comb functions).
























Where a is the grating depth and d the core thickness of the slab waveguide.
Note that the grating profile plays a role in the value of κ through the Fourier transform
coefficients.
Using these expressions we can simulate the corresponding reflection spectrum for different
slab waveguides and grating configurations. Even for slab waveguides, this in only an
approximation due to the assumptions that were made, e.g. TE polarization, a well-confined
regime and a mode sufficiently far from the cutoff condition. Although we are interested
in 2D waveguides, we use the profiles simulated with this simple model to gain insight in
the contributions of the different parameters on the reflected spectrum. More realistic peak
profiles can be obtained using better approximations for the interaction between the modes
and the perturbation (grating), numerical methods and commercially-available software.
Fig. 2.22 shows the plots of the simulated spectra for various grating and waveguide
thickness. The influence of the grating length is shown in Fig. 2.23. These spectra were
obtained using a MatLab program to calculate the reflectivity according to the given
expression. Note than in Fig. 2.23 the peaks have been plotted shifted in wavelength for
clarity. The actual Bragg wavelength is 850 nm for all the cases.
The coupling parameter indicates how strong is the coupling between both considered
modes. The greater the value, the less perturbation length will be needed to completely
transfer the power from one mode to the other. The phase-mismatch accounts for the
behavior of the wavelengths that are not exactly in resonance with the grating. A small






























(a) d = 3µm




















(b) a = 100nm
Figure 2.22: Change in the reflection spectrum of the refection peaks with different
grating depths (a(nm)) (a) and core thicknesses (d(µm)) (b) for a symmetric waveguide
with ncore = 1.573 and ncladd = 1.519 with a 505 nm grating pitch and a length of 1 cm.



































Figure 2.23: Change in the reflected spectrum for different grating lengths for a symmetric
waveguide with a core thickness of 3 µm, ncore = 1.54 and ncladd = 1.5325 with a
290 nm grating and a depth of 100 nm. Note that the actual λB = 850 nm for all cases,
which in the graph corresponds to the 1 mm length case. The other cases have been shifted
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If we consider, in first place, the central (Bragg) wavelength interacting with the grating,
we can understand that the weaker the grating is (shallower or less contrast), the greater
should be the length to have full reflection. Once the length of the grating is sufficiently
long to provide a reflectivity of R = 1 at the central wavelength, an increase in the length
will lead to the complete reflection of detuned wavelengths, thus to a flat-top profile. This
effect will be more pronounced the stronger the grating is (see Fig. 2.23.) In Fig. 2.22
we can see how thinner cores lead to a stronger coupling parameter. This is expected as
thinner cores lead to modes (less confined in the core) interacting more with the grating.
As can be seen in the plots, the profile of the reflection spectrum possesses symmetrical
side-lobes whose characteristics (intensity and oscillation frequency) are depending on the
coupling parameter. An increase in κ will lead to less intense side-lobes oscillating with a
lower frequency.
The pursued characteristics of the grating response, of course, varies with the concrete
application. For sensing, an ideal peak will be such that its reflectivity at the Bragg
wavelength R = 1 and narrow enough to have enough accuracy to determine the peak
position but still sufficiently wide for reconstructing its shape with the sampling accuracy
of the detector. Small side-lobes are desired in order to easily distinguish them from peaks
having resonances very close in wavelength. The elimination or reduction of the side-lobes
is known as apodization and is usually accomplished by decreasing the grating strength at
the edges of the perturbation region. Other common modifications of the gratings is the
chirp, a linear variation in the grating period, which broadens the reflected spectrum and
adds dispersion. Grating chirp is equivalent to a combination of gratings with different
periods.
We have considered how the spectrum behaves under ’ideal’ conditions using a uniform
grating profile, however, real spectra suffer from deviations from this ideal profiles due to
inhomogeneities in the grating parameters such refractive index, thickness and pitch.
Different defects will lead to different distortions of the peak profile [48]. For a low
reflectivity grating, phase-shifts [49] will induce asymmetric side-lobes and a small shift on
the resonance wavelength. Depending on the magnitude and position of the phase-shift(s)
the spectrum side-lobes will follow different envelopes (see Fig. 2.24). An asymmetric
apodization will reduce the reflectivity of the center wavelength and distort the side-lobes
which will present a symmetric but distorted reflectivity distribution on the lobes (see
Fig. 2.25). A chirped grating will strongly affect the reflectivity by weakening the main
peak while increasing the reflectivity of nearby wavelengths, thus, making more difficult
to distinguish the resonance wavelength. In figure Fig. 2.26, the effect on the reflected
spectra of a non linearly chirped grating is visualized.
Sensitivity to external parameters
The (relative) sensor sensitivity to changes in the parameters ξi is the sum of two contribu-
tions, the change in the effective refractive index of the guided modes and the change in
the grating period, and can be obtained by differentiating the Bragg relation with respect










Figure 2.24: Profiles of FBG reflection spectrums with different phase shifts at a position
(P) P=1/10 of the grating length (top) and for different positions and a phase shift (φ) of
φ = π/5 (bottom). Plots reproduced from [48].
Figure 2.25: Profiles of FBG reflection spectra with unilateral Gaussian apodization of
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Figure 2.26: Reflected spectrum distortions due to a non-linearly chirped (cosine chirp)




















= (α+ ξ) ∆T,
where λB,0 is the Bragg wavelength at reference temperature α = (1/Λ)(∂Λ/∂T ) is the
thermal expansion coefficient and ξ = (1/neff )(∂neff/∂T ) the thermo-optic coefficient.
The relative sensitivity (∆λ/λB,0) to strain (ε = ∆L/L) is given by:
∆λ
λB,0
= (1− ρ) ε, (2.49)
Where ρ = (−1/Lneff )(∂neff/∂ε) is the elasto-optic coefficient.
Note (from the definition) that the thermo-optic and elasto-optic coefficients of a waveguide
depend not only on the materials involved in the system (TOC of the material) but also on
its configuration (i.e. cross-section) and mode order (through its neff ). The sensitivity to
changes in refractive index in the cladding medium will only depend on the changes of the
neff , which has to be simulated or approximated.
2.9. Polymer materials for waveguide fabrication
Polymers are useful for many purposes and applications since they can be tailored to fulfill
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can be doped with different materials to create composites (e.g. TiO2, ZnO, ZnS, or
ZrO2 nanoparticles embedded in a polymer matrix). These composites will combine the
properties of their components (e.g. by increasing its RI), or even have properties that none
of the original components showed. The range of applications of polymer in science and
technology is vast. In this thesis we are focusing on their properties as optical materials
and their properties to be used as stamps for the replication of structures in polymeric
layers. Polymers have drawn increasing attention for integrated optic devices not only
owing to their potential as cost effective waveguide material [52] but also because they
offer a large range of tunability.
Polymers possess a molecular structure comprising long chains of one-directional covalent
bonds and secondary bonding networks between the long chains [53]. This characteristic
confers to polymers unique properties among which we can highlight the following ones:
Large diversity and tunability of the properties.
High structural flexibility.
Low thermal conductivity.
Large temperature dependence (thermo-optic coefficient).
Polymer properties depend not only on the chemical composition but also on the concrete
structural characteristics such as the statistical distribution of chain lengths, the amount of
cross-linking and the relative orientation of the covalent bonds of the chain. By changing
these characteristics or by doping the backbone structure, it is possible to modify the poly-
mer characteristics e.g. to add extra capabilities such as conductivity or photo-sensitivity
or to increase or reduce some intrinsic parameter such as the glass transition temperature.
The refractive index of a polymer is primarily determined by the packing density [54]. Thus,
an expansion of the polymer will generally result in a decrease of the refractive index. The
thermo-optic (TO) coefficient (ξ = dn/dT ) and the elasto-optic (EO) coefficient relate the
change in refractive index with temperature and elongation/compression. Polymers possess
large values of these coefficients and a negative value of their ξ, which is a characteristic
of those materials. This large influence of the refractive index with the material expansion
can be exploited for e.g. sensing, optical switching and wavelength tuning. In addition, the
low thermal conductivity (due to the weak bonding of the polymer chains) allows the local
heating of the polymers which is very desirable for tuning applications.
The high structural flexibility allows the use of polymers for flexible and stretchable
applications. Furthermore, flexibility is advantageous to achieve conformal contact with a
non flat substrate, which can be exploited, for example in imprinting lithography.
In the framework of this thesis we have tested and used different polymers to fabricate
waveguide-based sensors. Although we have explored a broader range of products, here we
comment on the principal characteristics of the ones that were used to fabricate functional
samples.
We should note that polymer photonics is a relatively new and multidisciplinary field
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Table 2.2: Physical and optical characteristics of Ormocore and Ormoclad polymers.
Parameter Ormocore OrmoClad
Viscosity [Pas] 2.9 ± 0.4 2.5 ± 1.0
Spectral sensitivity [nm] 300 - 390 300 - 390
Volume shrinkage [%] 2 - 5 2 - 5
CTE (20-100 ◦C) [ppm/K] 100 - 130 100 - 130
dn/dT (589 nm) [10−4/K] -2.2 -2.7
Young’s modulus [GPa] ∼ 1 ∼ 0.5
Hardness (by indentation) [MPa] ∼ 53 ∼ 24
Optical loss [dB/cm]
<0.1 @ 633 nm
0.23 @ 1310 nm
0.5-0.6 @1550 nm
<0.1 @ 633 nm
0.26 @ 1310 nm
0.48 @1550 nm
polymers, which complicates the design and fabrication processes. In this sense the
communication and feedback between polymer designers (in different research laboratories
and companies) and polymer-based optics researchers is of critical importance for the
conception, development and commercialization of polymer-based systems.
Following are presented the polymers most used in this thesis are presented.




My-133-EA (UV-curable fluorinated polymer)
MD40, MD700 (PFPE)
Ormocer®’s are organic-inorganic hybrid polymer composites. Ormocore and Ormoclad
(see Tab.2.2) are UV-curable, solvent-free, Ormocer®-based optical polymer formulations
from micro resist technology.
Epocore and Epoclad (see Tab.2.3) are Epoxy-based UV-curable optical polymers from
micro resist technology. The provider offers several versions with different solvent pro-
portions allowing to spin layers from ≈ 2 µm− 50 µm. The polymer series mr-DWL is
epoxy-based and specially developed to have the maximum sensitivity to the wavelength
of the commercial direct laser writing systems (λ = 405 nm). These optical polymers are
negative resists, thus, the non-illuminated areas will be removed during the developing
step.
The refractive indexes of cured layers of Ormocore, Ormoclad, Epocore and Epoclad were
measured by Holst Centre and the results are plotted in Fig. 2.27. The data from mr-DWL
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Table 2.3: Physical and optical characteristics of Epocore and Epoclad polymers.
Parameter Epocore/Epoclad
Viscosity [Pas] ∼12 ± 0.5
Spectral sensitivity [nm] Broadband, 365 nm
Volume shrinkage [%] <3 %
CTE (20-100 ◦C) [ppm/K] ∼ 50
dn/dT (589 nm) [10−4/K] ∼0.5-0.7
Optical loss [dB/cm] @ 850 nm ∼ 0.2 dB/cm @ 850 nm
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Table 2.4: Cauchy coefficients of Ormocore/Ormoclad and Epocore/Epoclad optical
polymers
Ormoclad Ormocore Epoclad Epocore mr-DWL
n0 1516,1 1529,1 1559,3 1570,1 1570
n1 61,9 71,13 61,73 72,68 80
n2 25,6 51,15 43,98 34,05 40
The dependence of the RI with the wavelength can be approximated by the so-called
Cauchy’s equation which is an empirical relationship given by:






+ · · · , (2.50)
where ni are referred to as the Cauchy coefficients.
Tab. 2.4 shows the Cauchy coefficients obtained from the fit of the refractive index curves.
Sylgard-184®(Dow Corning) is an extensively used Polydimethylsiloxane (PDMS, Sili-
cone Elastomer) which is comprised of base/curing agent to be mixed in a 10 : 1 ratio by
weigh. This PDMS is the most commonly employed in microfluidic application [56] due to
its low toxicity, ease-of processing, low curing temperature, high gas permeability, optical
transparency, and cost effectiveness [57]. However an important drawback of PDMS is
that it swells in contact with non-polar solvents [58].
My-133-EA and OF-134 (from My Polymers) composition are based on a polyol with
acryc/methacrylic ester groups and silane functionality. It is a low refractive index UV-
curable material that should be cured in inert environment (e.g. N2 chamber) and it gels
when it is exposed to heat, light or moisture. The decomposition temperature is above
150 ◦C. The processing of the non-cured material should be done using respiratory, eye
and skin protections. The Of-134 polymer is more sensitive to moisture. Some of its
properties are shown in Tab. 2.5.
These polymers are indicated by the provider as coating materials with a low refractive
index. As will be explained in chapter.3, they performed well for the replication of micro-
and nano-structures. This was used for the fabrication of high quality flexible molds to
pattern optical components.
MD40 and MD700 are commercially available formulations of photocurable perfluo-
ropolyether-based (PFPE) and are a unique class of fluoropolymers that exhibit low surface
energy, low (and tunable) modulus (typically higher than PDMS), high durability and
toughness, high gas permeability, low toxicity and extremely chemically resistance which
is common to other fluoropolymers, such as PTFE (Teflon), but with the added feature
of being liquids at room temperature before they are UV-cured [61]. As a result of the
improved characteristics of the formulation, PFPE’s have been proven to be suitable for
roll-to-roll production [62] and they have been used to replicate very challenging structures
(such as carbon nanotubes or viruses [63, 64]). The great chemical resistance (no swelling










Table 2.5: Properties of the polymers My-133-EA [59] and OF-134 [60] from My
Polymers
Parameter My-133-EA OF-134
nD liquid 1.333 1.34
nD cured 1.338 1.344
RI at 900-1000 nm 1.333 1.340
Density (g/cm3) 1.66 1.66
Viscosity (cP) 2300 2900
Volumetric Shrinkage 2 -
Hardness Shore A 62 70
Tensile Strength (MPa) 1 1.7
Elongation (%) 45 50
Elastic modulus (MPa) 3.6 5.4
cations [65, 66]. Furthermore, these materials are UV-curable, which reduce the fabrication
time of the devices. PFPE polymer also possesses very low refractive indexes ≈ 1.34 and
is more-cost effective than the low refractive index polymers from My Polymers, paving
the way towards the development of novel waveguide systems and sensing platforms.
2.10. Conclusions
In this chapter the main waveguide-related concepts and the main parameters that influence
the properties of the guided modes were analyzed, with the focus on the performance of
polymer-based photonic structures.
One important consideration when using polymers for waveguide-based applications is the
available refractive indexes. In this sense polymers possess the advantage of a relatively
large range of tuning. However, the core and cladding versions of a polymer are very
similar which has an impact on the obtainable refractive index contrast. This has an impact
on the optical characteristics of the waveguides. A low refractive index contrast results in
key differences compared with higher index contrast. These differences imply advantages
and disadvantages from the application point of view. Here we will highlight the results
which are more relevant for label-free bio-sensing and physical sensing based on Bragg
gratings.
Low RIC requires greater cross-sectional dimensions and also requires greater radius of
curvature. A large radius of curvature limits the degree of integration, which ultimately
results in not being attractive for applications with a large number of active components
such as selective filters or multiplexers. However, greater waveguide dimensions also has
advantages such as being compatible with butt-coupling to a conventional optical fiber
and allowing more tolerances in the dimensions (less change in the neff of the modes).
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costs. In addition, a lower RIC is translated in a reduction of the losses due to scattering
at the interfaces. The greater dimensions and less sensitivity to sidewalls roughness also
allows the use of cheaper fabrication techniques.
Other difference with respect to higher index contrast waveguides is that they provide
higher penetration depths but less intensity at the interface between core and cladding.
These differences on the modal characteristics lead to differences in the performance for
label-free bio-sensing. The performance for refractive index sensing was considered for
both bulk sensing and for adsorbed layers. The main conclusions regarding the maximum




trends to 1 for the cutoff thickness when the under-cladding has a
lower RI than the sensing medium. In the case of sensitivity to adsorbed layers, there is a
direct correlation with the RIC. Therefore, the availability of polymers with a very low
refractive index paves the way for achieving more sensitive label-free bio-sensors.
Gratings can be used to couple an incoming Gaussian beam to a waveguide propagation
mode. The coupling characteristics are determined by the coupling coefficient (κ). This
coefficient accounts for the strength of the interaction between the modes to be coupled.
The value of κ depends on the grating strength and on the strength of the interaction
between the mode and the perturbation (grating), which increases with the RIC. A low
coupling coefficient requires a long grating to achieve the maximum coupling between the
modes. In addition, the weaker the grating is the narrower the spectral bandwidth. In the
case of typical polymer gratings, a long length (containing tens of thousands of periods) is
required to obtain a good coupling efficiency. Thus, for light in-coupling, the use of a large
beam (radius of mm) is required, which is not compatible with the mode profile of a optical
fiber. In addition a narrow bandwidth implies less tolerance to angular misalignment.
In the case of Bragg reflectors, the spectral characteristics also depend on the grating cou-
pling coefficient and the grating length. For a given κ, the reflectivity of the peak increases
with the increasing of the length while the FWHM becomes smaller. Once the reflectivity
of the peak has reached the unit (R=1), an increase in length will lead to the complete
reflection of detuned wavelengths, thus to a flat-top profile and an increase of the FWHM.
The minimum achievable FWHM depends on κ where lower values result in narrower
spectra. The profile of the reflection spectrum of an ideal grating possesses symmetrical
side-lobes whose characteristics (intensity and oscillation frequency) depend on the grating
strength. The stronger the grating the more intense and more rapidly oscillating side-lobes.
Real spectra suffer deviations from this ideal profiles due to inhomogeneities in the grating
parameters such as refractive index, thickness and pitch, which will lead to asymmetries,
distortions of the side lobes or reduction of the reflectivity.
The (relative) sensitivity of a Bragg reflector to changes in the parameters is the sum of
two contributions, the change in the effective refractive index of the guided modes and
the change in the grating period. The sensitivity to changes in temperature is determined
by the thermal expansion coefficient and the thermo-optic coefficient of the waveguide.
These coefficients are not only material-dependent but they also depend on the concrete
waveguide configuration and propagating mode. Polymer posses rather high and negative










Although polymer systems typically posses low RIC, the existence of very low refractive
index polymers, with indexes close to and even lower than water, presents a very attractive
choice for some sensing applications. Furthermore, high refractive index polymers are
pursued for different reasons and nowadays the achievable refractive indexes for optical
polymers is ranging roughly from 1.3 to 1.8, thus the fabrication of hybrid waveguides
combining different chemistry is a potential approach to achieve high refractive index
contrast waveguides. Furthermore, hybrid waveguides composed by core and cladding of
different polymer materials are interesting owing to the possibility of tuning the modal
characteristics.
Polymers are interesting not only as optical materials, but also as replication tools. Pho-
tocurable perfluoropolyether based polymers (PFPE) are a unique class of fluoropolymers
that exhibit low surface energy, low but sufficiently high (and tunable) modulus, high
durability and toughness, high gas permeability, low toxicity and extremely chemically
resistance (no swelling in contact with solvents). This is common to other fluoropolymers,
such as PTFE (Teflon), but with the added feature of being liquids at room temperature
before they are UV-cured. These polymers presented excellent performance in replicat-
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Imprinting technologies for micro- and
nanostructures
3.1. Introduction
A variety of optical polymers have become available not only to achieve the desired
properties in terms of performance for a certain application but also to be patternable using
different techniques. The definition of structures in polymers can be done using a wide
variety of methods such as photo-lithography, electron beam lithography, dry and wet
etching, laser ablation, replication technologies and many more [1]. This chapter will focus
on two techniques that are compatible with large area manufacturing and suitable to achieve
cost-effective sensors, namely laser direct writing (LDW) and imprinting-based replication
technologies. In the context of this thesis, the main application was the fabrication of master
molds to be used for the subsequent replication of waveguide structures via imprinting,
although LDW was used in some cases for the direct fabrication of waveguides. The focus
of this chapter is on the development of imprinting technologies used to fabricate sensors
based on waveguides with integrated Bragg gratings. The imprinting technologies allowed
the successful fabrication of SM and few-mode rib and strip waveguides, not only using the
combination of core and cladding versions of the same polymer (having slightly different
RI), but also combining two different polymer chemistries. The chapter organization can
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Figure 3.1: Schematic showing the process flow of the different fabricated structures and
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3.2. Overview of LDW and imprinting processes for
structuring polymers
3.2.1. Prototyping using LDW
In general, direct-write processing refers to any mask-less technique that is able to define a
pattern on a surface or in a volume. This is in contrast to other patterning approaches such
as photo-lithography or imprinting that require masks or preexisting patterns. Direct-write
technology usually allows high resolution and enables structures that are either impossible
or impractical to fabricate with traditional parallel techniques, e.g. 3D patterning by means
of two-photon polymerization [2]. In addition, with continuing developments in laser
technology providing a decrease in cost and an increase in fabrication speed, the number of
applications for which laser direct-write (LDW) methods are competitive is increasing [3].
LDW is specially convenient in a research environment because of the flexibility that it
offers. A change in design means a small change in the software loaded to the LDW tool,
and therefore does not require the fabrication of any physical mask or mold. The need for
a mask implies the consumption of time which is not desirable in a research environment,
where frequent design changes are a common occurrence. Laser direct writing techniques
are diverse but from now onwards this term refers to the photo-lithographic technique that
uses a UV-laser beam illuminating a moving platform on which the polymer sample is
loaded. In this thesis, a commercial LDW tool, DWL66+ from Heidelberg Instruments
GmbH operating at a wavelength of 365 nm was used. The polymers compatible with this
tool are dry layers sensitive to the laser wavelength (λ = 365 nm).
For waveguide fabrication, a negative tone resist is most suitable because only the waveg-
uide cores need to be illuminated, which is very desirable when using a method that
involves scanning. The steps involved in the waveguide fabrication process flow are il-
lustrated in Fig .3.2 and described in the following. First a plasma surface treatment is
performed over the substrate (carrier or polymer under-cladding) to improve the adhesion
between the substrate and the polymer. Immediately after the plasma surface treatment,
a layer of the photo polymer with the desired thickness is applied over the substrate by
means of spin-coating prior to a soft baking step in which the solvent (if present in the
liquid polymer) is mostly evaporated, the polymer is hardened and the adhesion of the
features improves. Resist films which are not baked sufficiently (either too short or with
too low temperatures) entail a variety of further problems, while an excessive bake of
resist films (temperature too high, but also baked too long) causes a partial destruction
of the light-sensitive component which significantly increases the exposure time, reduces
the sensitivity, and may partially polymerize the resist. After the soft bake, the sample is
placed on the moving platform of the LDW tool by aligning the desired direction of the
structures with one of the axes of the movement of the platform. Prior to illumination, the
beam is positioned over the sample and focused on the surface and the writing parameters
are set. The main laser parameters are the intensity of illumination and the adjustment
of the defocusing parameter which has to be optimized for every material and thickness.
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Figure 3.2: Schematic and process flow of LDW-based lithography [4].
leads to a spatial variation in dissolution properties when placed in the developer. The
total illumination time is influenced by the spot size (directly linked to the magnification
of the focusing objective) and the total scanned area, which includes the illuminated and
non-illuminated areas. After illumination, the sample is post baked in order to catalyze
the started photo-induced cross-linking reaction, smooth the features (in some cases) and
improve the adhesion. After the sample is cooled-down, the development step is performed
using the appropriate chemicals for development and rinsing. Negative resists become less
soluble for the developer after polymerization. Therefore, after immersion in the developer
bath for , only the illuminated areas remain on the substrate. Finally, a hard-bake step is
performed to finish cross-linking of the printed features, to ensure the complete removal
of the solvent and to improve further the adhesion. Some examples of waveguide cores
which were fabricated are shown in Fig. 3.3. In the figure we can see that the fabricated
cores present very smooth sidewalls which will result in low propagation losses. More
information about these waveguides can be found in references [5, 6]. The LDW system
can be also used to fabricate periodic gratings. However, the achievable pitches are limited
by the resolution of the equipment to about 1 µm pitch. This range does not allow, for
example, the fabrication of first order Bragg gratings operating at telecommunication
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(a) Epocore waveguide (b) LDW Epo
Figure 3.3: Epoxy-based waveguides defined using Laser Direct Writing (LDW).
3.2.2. Replication using imprinting processes
There are several methods allowing the definition of such nanostructures such as electron
beam lithography (EBL), deep ultraviolet and interference lithography or scanning probe
microscope (SPM) lithography. However, these techniques do not allow for fast and
cost-effective patterning over large areas, therefore the replication of such structures
has received increasing attention. A widely used replication technology, nanoimprinting
lithography (NIL) makes use of a mold to replicate structures into a polymer material.
NIL was initially introduced to reduce the fabrication costs in the semiconductor industry.
It was conceived as a hot-embossing like technique [7] in which the mold was pressed
against a thermoplastic polymer at a temperature above its glass transition temperature
(Tg). It should be noted, however, that this technique is not limited to patterning nanoscale
features only; it can also fabricate structures of various dimensions, ranging from sub-10
nm to micrometer (e.g. waveguides) or even millimeter scale (e.g. microfluidics) [8]. In
the meantime, different NIL-based methods have been developed, such as UV-NIL [9] or
soft-contact lithography [10], reducing even more the cost of fabrication and increasing
the number of applications [11–16]. In literature, we can find the same or very similar
processes under different names, depending on which characteristic the authors want to
emphasize. The term UV-NIL refers to techniques that use UV-curable polymers which
are cured in contact with the mold while soft-contact lithography is used when there is no
need to apply pressure during the imprinting process. Compared to thermal imprinting,
UV-imprinting has the advantages of reduced imprinting pressure, room-temperature
operation, fast processing speed, and better alignment accuracy [8]. During this PhD
research, imprinting techniques were developed to define gratings and waveguides in
UV-curable polymers using a flexible and transparent stamp. The imprinting processes do
not rely on applying pressure but on the action of capillary forces (soft contact).
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a low surface energy to avoid adhesion between the molded material and the mold and
be chemically compatible with the polymer. In order to transfer the pattern from a mold
to a material, a conformal contact between both surfaces needs to be achieved. For large
area patterning, which is key for mass-production, this is challenging when using hard
stamps. Small imperfections such as non flatness or particle contamination will result
in large areas without contact. In addition to that, the fabrication of rigid stamps is
typically more expensive and requires special treatments to reduce the surface energy
(i.e. the addition of an anti-stick layer). By using flexible stamps instead, a conformal
contact over a large surface is much more easily achieved. In addition, the flexible molds
are compatible with flexible carriers and thus potentially suitable for roll-to-roll mass
production of imprinted structures. Different polymers can be used to fabricate stamps
for UV-NIL as the process does not involve high temperatures nor pressures. Besides
the mechanical flexibility, some polymers allow achieving low surface energy without
extra treatments. Polydimethylsiloxane (PDMS) is the most commonly used polymer
for soft-contact lithography due to its good properties and the amount of cost-effective
commercially-available varieties. However, photocurable perfluoropolyether-based (PFPE)
polymers present a very interesting alternative,because they offer an increased resolution
and material compatibility.
From here onwards, the terminology ”soft-imprinting” will be used for the technology to
define structures in UV-curable polymers when a transparent, flexible-polymer based mold
is used without applying pressure. This is to emphasize the difference with imprinting
techniques that use rigid stamps or techniques relying on deformation under pressure.
The main steps of a replication-based lithography are schematically shown in Fig. 3.4. The
first step consists of the replication of the master mold (a) which contains the structures
to be replicated. This first master mold can be replicated multiple times for fabricating
the working stamp (b,c). For the fabrication of polymer-based flexible working stamps,
the prepolymer (e.g. PDMS, PFPE) is first deposited on top of the master mold. The
prepolymer will flow, thus filling the grooves of the master-mold trough capillary forces (in
some cases assisted by spinning forces or pressure). After the deposition, the prepolymer is
cured by means of temperature or UV light (b) and then released from the master mold (c).
The working stamp can consist of the polymer itself or include a carrier, which is placed
on top of the material before curing. The subsequent transferring of the structures from the
working stamp to the desired polymer is performed following an analogous process. The
polymer is first deposited on the desired substrate, then the working stamp is placed on
top ensuring a conformal contact. Capillary forces (in some cases assisted by temperature
or/and pressure) will force the layer of prepolymer to fill the grooves (e) of the stamp. The
polymer is then cured (f) and the working stamp subsequently released.
3.3. Nanostructures: Gratings
This section will elaborate on the fabrication of nanostructures (gratings) via imprinting.
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Figure 3.4: General process flow of imprinting processes [16]
of the master mold, with the focus on in-house fabrication via phase mask lithography.
Then, the fabrication of flexible transparent working stamps by replication of a master
mold is described. Afterwards the process of imprinting polymer using the fabricated
working stamps is explained. The focus of this last section is mainly on soft-imprinting but
also includes the description of a hot embossing process that was used to define gratings
combining different small working stamps on the same substrate in order to create a sample
that can be used as a master mold for the subsequent processing via soft-imprinting.
3.3.1. Master mold
In order to fabricate gratings in polymers via replication, we first need a master mold
with the desired pattern. This master mold can be obtained by various techniques that
can produce features with the desired dimensions and precision. Typical master molds
are Si wafers patterned via EBL or deep UV photo-lithography. In the framework of this
thesis, we targeted the fabrication of gratings in different polymers to be used for various
applications. The pitches of interest were in the range of approximately 300 nm to 1 µm.
We mainly used commercially available master molds but also tested in-house fabrication.
For this purpose, we chose on one hand interference lithography using a phase mask in
combination with a cost-effective UV source, which will be described below, and the
replication of several small Si grating molds on a PMMA layer to create a combined master
mold, which is described in Sec. 3.3.4.
The phase mask diffracts the incoming UV light, which creates an interference pattern,
in the vicinity of the grooves, between different diffraction order beams (+1 and −1 in
our case). The period of the fringe pattern created by the phase mask is half the period
of the phase mask, regardless of the wavelength of the incident radiation [17]. The laser
diode (DL-5146-101S from Thorlabs) was emitting at a wavelength of λ = 405 nm and
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Figure 3.5: Phase Mask (PM) setup schematic (left) and picture (right). The setup consists
of a Laser Diode (LD) in a mount, a collimation lens mounted in a translation stage
(SM1Z), and the phase mask. Intensity and temperature controllers were used to stabilize
the laser diode. The illumination time was controlled using a time controlled shutter. The
sample and phase mask were mounted in a rotation stage.
binary phase mask optimized for λ = 365 nm TE illumination. Therefore, we should note
that at the LD emission wavelength the zero-order will not be completely suppressed.
The laser intensity and temperature was stabilized (using controllers TLD001 and TTC001
from Thorlabs), the beam was collimated (using a N-BK7 aspheric lens AL1225-A from
Thorlabs with f=25 mm, NA=0.23) and a shutter (SC10, SH1M) was added to control
the illumination time. Several polymers (Epoxy-based, Ormocer®-based, PMMA) were
investigated. After spinning thin layers (1 µm) of the resists on a substrate they were
soft-baked and placed on the setup. The phase mask surface containing the grating was
then placed in contact (or in close proximity) with the sample and illuminated. A schematic
and picture of the setup are shown in Fig. 3.5. The subsequent post illumination steps are
those corresponding to any photo-lithographic process, i.e, developing and baking steps.
Several sweeps in illumination dose were performed and relatively good quality (allowing
the fabrication of functional Bragg sensors [18, 19]) large area gratings were obtained
for all tested polymers. However, the process was not completely controllable, leading
to samples with different homogeneity quality and duty cycle. Examples of fabricated
gratings are shown in Fig. 3.6.
In Fig. 3.7, SEM micrographs of gratings fabricated in the positive resist S1818 with
different exposure doses are shown. We can observe the characteristic flat profile of the
grooves obtained when using positive tones and large variations in the grating profile
depending on the received UV dose. Note that a pitch of 1010 nm, which is double than
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Figure 3.6: Examples of fabricated gratings by phase mask lithography.
second order mode of the phase mask, which contributes to the illumination leads to a non
uniform illumination profile [20].
This non uniform illumination profile (see Fig. 3.8) in combination with the polymerization
characteristics results in different structures depending on the processing conditions. In
the top right corner, we can appreciate how small variations in the illumination profile can
lead to non-uniformities.
Fabricated samples in epoxy and Ormocer® polymers are shown in Fig. 3.9. These
polymers are negative tones and result in a rounded grating profile. The SEM micrograph
of the epoxy grating shows a separation between lines of approximately ≈505 nm while in
the microscope image (below), we can only appreciate lines separated by ≈ 1010 nm. The
SEM micrograph of the Ormocer® grating shows a periodicity of ≈ 505 nm that can be
appreciated also by microscope inspection.
Fabricated samples show that it is possible to obtain large area gratings by using a very
cost-effective phase mask lithography setup. Despite the quality was sufficient to fabricate
functional Bragg grating sensors [18], the fabrication was not optimized leading to non-
repeatable results. In addition the illumination conditions lead to non-homogeneous
gratings. As the focus of the work was not on optimizing a process for master mold
fabrication, we did not continue the work in this direction but commercial master molds
were used instead. In order to improve the large scale quality and repeatability of gratings
fabricated with phase-mask lithography, it would be necessary to ensure parallelism
between the phase mask surface and the polymer layer, the absence of particles and a more
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Figure 3.7: Examples of fabricated gratings by phase mask lithography on S1818 positive
tone. The different SEM micrographs correspond to different illumination dose.







































Figure 3.8: Spatial fluence profile of (a) an ideal and (b) a real phase mask. The horizontal,
red line indicates a possible threshold value which can impede the formation of a grating
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Figure 3.9: Examples epoxy (left) and Ormocer® (right) fabricated gratings by phase
mask lithography.
3.3.2. Flexible working stamp
In order to transfer the gratings to the desired polymer, we fabricated soft polymer stamps.
Initially, Polydimethylsiloxane (PDMS) stamps (Sylgard®184 from Dow Corning, details
in section 2.9) were used because PDMS is the primary and most investigated elastomer
for nanofabrication [21–23]. In addition, this material was already available in our lab.
However, due to practical processing reasons and the obtainment of better results while
testing a UV-curable fluorinated polymer (OF-134 from My-Polymers), motivated a change
of the stamp material. Later, MD40 and MD700 (PFPE) materials were investigated,
resulting in a more controllable and easier processing, thus, they were selected as the
preferred stamp material and used from then on.
Sylgard®184 has been reported to present some disadvantages for nano-imprinting when
the involved features sizes are lower than ≈ 500 nm [21]. Its low modulus (around
1.5 MPa) limits the fabrication of features with high aspect ratios due to collapsing,
merging, and buckling of the structures, while its surface energy (≈ 25 mN m−1) is
not low enough for high fidelity, nondestructive release in certain cases. Also PDMS
swells when exposed to most organic solvents [21, 24]. Several types of PDMS materials
have been developed to improve mold performance and overcome the disadvantages
associated with Sylgard®184. In literature we found that a higher modulus h-PDMS
(9 MPa) was developed that shows better resolution than the traditional Sylgard®184.
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To overcome problems associated with the h-PDMS molds, composite stamps composed of
two PDMS layers (hard and soft) have been successfully, greatly improving the imprinting
performance [21, 24].
For the fabrication of the PDMS stamps, first the two parts of the PDMS were mixed in the
indicated ratio and then degassed to eliminate trapped bubbles. Typically, the degassing
step is done in a vacuum chamber to accelerate the process. When the uncured PDMS was
ready, it was poured on the grating master mold and cured on a hot plate. After the PDMS
was cured, the soft stamp was carefully released. The ease of releasing depends on the area
and thickness of the PDMS stamp. Large and thin molds tend to break and leave traces on
the master mold.
OF-134 is a low refractive index, one part polymer, which is moisture sensitive and UV-
curable (details in section 2.9). The mold fabrication comprised three steps; the casting
of the polymer, the UV-curing and the releasing. The curing was performed in a N2
environment to avoid oxygen, which inhibits curing of the polymer. The use of OF-134
resulted in a faster fabrication process and better releasing properties. However, since
this polymer was not developed for imprinting applications, very limited information was
available and some drawbacks were found. The polymer is moisture sensitive and the
after-curing properties such as transparency or brittleness are highly dependent on the
illumination dose and the atmosphere in which they are handled and stored. Although we
were satisfied with the obtained imprinting results, the optimization of parameters was
challenging and, after identifying the PFPE polymers with lower cost and more available
information, this material was abandoned for use in this thesis.
Photocurable perfluoropolyether-based (PFPE) polymers were introduced for the first time
as soft lithography mold materials by DeSimone laboratory [21, 24]. They are a unique
class of fluoropolymers that exhibit low surface energy, low but sufficiently high (and
tunable) modulus, high durability and toughness, high gas permeability, low toxicity and
extreme chemical resistance which is common to other fluoropolymers, such as PTFE
(Teflon), but with the added feature of being liquids at room temperature before they
are UV-cured [24]. As a result of the improved characteristics of the formulation, PFPE
polymers have proven suitable for roll-to-roll production [25] and have been proved to
replicate very challenging structures [21, 24, 26].
During this thesis, two PFPE polymers were used: Fluorolink MD700 and Fomblin MD40,
both from Solvay Solexis. The main difference between both polymers is a difference in
hardness, with MD40 having a lower hardness, which allows for easier release but limits
the aspect ratios. These polymers need to be mixed with a photoinitiator in order to be
cured. The photoinitiator Irgacure 2022 (BASF) was mixed in a 2% − 3% weight ratio
and stirred for 2 minutes. After mixing, the mold polymer is left to rest for some time (less
than 30 minutes) to degas. Once the mix is bubble-free, the polymer is ready for use and it
should be used as soon as possible (not after some hours) to avoid some detrimental effects
that increase with time such as e.g. the observed appearance of rhomboidal (diamond
shape) nanostructures, which indicates that some reactions are taking place that change the
original characteristics of the product.
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Figure 3.10: Process flow for the fabrication of imprinting working stamps using
transparent, soft and flexible polymers.
ization or consume the photoinitiator by reacting with both initiating radicals and growing
polymeric radicals [27, 28]. Therefore, PFPE’s should be cured in an oxygen free (e.g.
pure N2) atmosphere or used in combination with a carrier in normal conditions (since
the product is then shielded from O2). The carrier can be rigid (e.g. glass) or flexible (e.g.
polymer foil) which can be attached to the stamp material by using an adhesion promoter.
In this thesis, a transparent flexible foil containing an adhesive layer on one side was
mainly used as carrier, resulting in a very robust and easy-to-use nanoimprinting stamp.
In Fig. 3.10 the process flow of the flexible working stamp fabrication is illustrated. The
PFPE polymer can be spin-coated or poured on the master mold (a,b) and afterwards the
foil is placed on top. In order to have conformal contact, trapped air and wrinkles have
to be avoided. To achieve this over the complete stamp area, it is desirable to first put in
contact a part of the foil and propagate this contact along the complete surface. A simple
way to perform the foil placement is to use a roller (c). In this simple way, not only a
good contact can easily be achieved but also a minimal pressure is applied and the rolling
forces squeeze the material, which spreads it between the master mold and the foil. Once
the foil is placed over the PFPE polymer it is cured with UV light (d) and then simply
released from the master mold (e). Note that the foil is preventing the polymer from being
in contact with the air, thus it can be cured under normal conditions. The illumination
power should be high enough to minimize the surface roughness. It was recommended by
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Figure 3.11: Process flow for the grating imprinting using transparent, soft and flexible
polymer stamps.
3.3.3. Soft-imprinting of optical polymers
The imprinting process to pattern optical polymers (using PFPE-on-foil stamps) follows
a process flow which is shown schematically in Fig. 3.11 and is very similar to the one
described for the working stamp fabrication. First, a layer of the optical resist is spin-coated
and baked (a). Subsequently, the flexible working stamp is brought in conformal contact
with the resist layer. To achieve this over the complete stamp area, it is desirable to first
put in contact a part of the foil and propagate this contact along the complete surface. A
simple way to perform the foil placement is to use a roller (b). As the rolling process was
performed manually, a home-made holder (see Fig. 3.12) was fabricated to prevent the
sample from sliding. In the cases where the photopolymer was not sufficiently liquid to fill
the grooves by capillary action, or we simply wanted to reduce the viscosity, the rolling
process was performed on the hot plate after the soft bake. After the mold is placed, the
sample is allowed to cool down before it is UV cured with a dose that depends on the
specific resist. When the UV-exposure (c) is finished, the mold can be released (d) and the
sample is ready for the baking steps (e). Fig. 3.12 shows pictures of the UV-exposure and
demolding steps of the sample on the holder. We should note that the required illumination
dose can be higher than the dose required for defining thicker structures. This is due to
reflowing of the polymer, which may cause the grating to disappear or to become shallower.
Fig. 3.13 shows a large batch of samples produced using the described method. In
this example, large area gratings were transferred from a Si master mold containing a
505 nm pitch grating fabricated by contact lithography and RIE, provided by IMS-Chips
and having an approximate cost of 3000 e. We can see how the large area grating was
successfully transferred to 25 samples showing a rather small amount of imperfections (see
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Figure 3.12: UV-curing (left) and mold releasing (right) steps. The sample is positioned in
a holder made with 3 glass substrates attached with tape to a Si wafer. Some aligning
marks can be included in the flexible stamp (right) to facilitate the aligning.
lithography). As can be appreciated, the fabrication is simple and fast and at the same time
provides high quality features.
Note that the first tests and samples were performed with Sylgard® 184 and OF-134.
The polymer imprinting consisted was made by a simplified version of the process flow
described above. In these cases the stamps did not contained a carrier. They were placed
on the polymer by slightly bending them, bringing first its central part in contact and then
propagating this contact along the remaining surface.
3.3.4. Hot embossing: fabrication of master molds using PFPE
polymers
The flexible stamp materials can also be used for hot embossing polymers that are not
liquid at room temperature e.g. PMMA. We used this technique to define three gratings on
a PMMA layer in a rosette configuration. The motivation for the fabrication of this sample
was to test a procedure to fabricate cost-effective molds for imprinting polymer layers with
several structures. The acquisition of custom-made master molds based on Si wafers is
rather expensive, however, there are providers that offer alternative solutions as small chips
instead of on full wafers. LightSmyth Technologies offers a large variety of nanomachined
single crystal silicon substrates with a cost of ≈ 100 − 500 e depending on the grating
characteristics and the mold size. The replication of several working stamps from those
master molds on a flat surface would allow us to have custom-made master molds in a
full substrate for the imprinting of several gratings in the same polymer layer. We first
considered the use of stamps placed on an optical polymer layer but undesirable border
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Figure 3.13: Batch of samples with a ≈ 5 µm layer of Epocore imprinted with a PFPE
mold containing a large area grating of 505 nm pitch at its top surface.
Figure 3.14: Process flow for the fabrication of an in-house PMMA master mold
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create a pronounced discontinuity around the edges of the mold. We tested the elimination
of those border effects by only illuminating the central part of the mold. Unfortunately the
local illumination failed, possibly due to the light coupled by the grating into the polymer
layer. The edge effects are the result of the local disturbance of the surface tension which
results in a migration of the liquid resist to avoid the contact with the mold surface. Thus,
by patterning a cured polymer layer by hot embossing techniques, we expected to avoid
the problem and obtain a smoother transition between the unpatterned and patterned areas.
For the fabrication of the grating rosette we used a mold with an approximate cost of
100 e mold with dimensions 12.5 mm × 12.5 mm × 0.7 mm that contains a grating with
278 nm pitch, a groove depth of 110 nm and a duty cycle of 50%. The concept and process-
flow is illustrated in Fig. 3.14. When using small master molds, it was more convenient to
fabricate a simple holder for them. A holder was created by gluing 4 rectangular pieces of
glass with approximately the same thickness as the stamp, so as to surround it (a). The
aim is on one hand, to prevent the mold from moving during the replication steps and, on
the other hand, to allow the PFPE polymer to spread around the area of interest which is
very convenient e.g. for the releasing of thin layers. The grating was replicated on MD40
by casting it on the master mold and UV-curing in a N2 atmosphere (b), resulting in a
thickness of approximately 1 mm. After releasing, the part patterned with the grating was
cut using a blade (c). A flat stamp was also prepared with MD40 by casting material on a
Si wafer until a circle of ≈ 2 cm radius was created. After curing the flat stamp, replicas
of the grating stamp shapes were cut out in a rosette geometry. Then the flat stamp was
positioned over a layer of PMMA (950 PMMA A11) spin-coated on a borofloat glass
substrate and the grating stamps were then placed on their corresponding positions (d).
Afterwards the sample was loaded in a WSB2 Wafer Substrate Bonding System from
Logitech (e). In order to have an adequate distribution of the pressure during the hot
embossing process and to protect the equipment, the PMMA spin-coated glass substrates
with the mold on top were sandwiched in a stack of layers. The sample is placed between
2 Teflon foils and on top of it, a pressure distribution sheet and another Teflon foil was
positioned. The hot-embossing was performed using a program consisting of several steps.
The bonding conditions are set by first applying vacuum to the chamber (0.8 bar) , then
heating the sample through the substrate (at 120 ◦C, 15 ◦C above its Tg), subsequently
soaking it at this temperature (for 5 min) and then applying additional pressure (0.4 bar).
Afterwards, the bonding takes place at the set conditions (for 5 min). Finally, the system is
cooled down and the pressure and vacuum removed. After releasing the working stamps,
the sample showed the successful transfer of the 3 gratings on a flat PMMA layer in a
rosette configuration. Fig. 3.15 shows the fabricated sample. Due to the orientation, only
one grating can be seen shining in blue. The gratings presented relatively good quality
and uniformity over the majority of the area. Only small defects on the periphery of the
grating regions were found. The transition between the grating and flat areas was found
to be a groove line of ≈ 100 nm depth and ≈ 200 µm wide, which is acceptable to use as
master mold for the fabrication of imprinted Bragg gratings on polymer waveguides. This
is because the smooth transition does not lead to problems in subsequent fabrication steps
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Figure 3.15: Three gratings fabricated on a PMMA layer in rosette configuration. The
grating pitch is 278nm. Due to the different orientations only one grating can be seen with
a blue shine.
However, it was necessary to perform several attempts to deal with the appearance of
non-imprinted areas due to trapped air between the stamp and the PMMA layer. We found
that the thickness/area aspect ratio of the MD40 stamps needed to be low and the absence
of imperfections (such as particles) was of substantial importance to achieve conformal
contact. In addition, the imprinted gratings presented slight non-uniformities in brightness,
suggesting that the grating depth was not uniform over the imprinted area.
By qualitative comparison with the results obtained by soft-imprinting (see e.g. Fig. 3.13)
we can see that the soft-imprinting approach results in higher throughput. The processing
conditions were less sensitive to parameter variations or presence of imperfections.
3.4. Microstructures: waveguides
For waveguide fabrication, it is also possible to use replication technologies on photo-
sensitive polymers. One advantage of the use of soft-imprinting technologies to fabricate
waveguides is that chemical developing steps are not required. These waveguides can
be integrated with gratings in the core or cladding e.g. to produce Bragg sensors or to
integrate in-coupling gratings on the waveguides.
In the framework of this thesis, two waveguide fabrication approaches were considered,
namely capillary-filling and soft-imprinting.
The nanoimprinting process as described before (for grating imprinting) can also be used to
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of long waveguides. On the other hand, the imprinting process has to deal with the
reduction (or for some applications, ideally elimination) of a residual layer. Two main
approaches can be considered, either direct imprinting of waveguide cores on a cladding
layer (leading to ridge or rib waveguides) or patterning of the waveguide cladding to
generate grooves that can be filled by e.g. spin-coating a thin layer (leading to ridge or
inverse rib waveguides).
The general concepts and methods related to the imprinting technology were explained in
the previous sections, therefore the focus here is on the peculiarities of waveguide definition,
alone or in combination with nanostructures. The presented results are either dummy
structures fabricated for testing purposes or functional waveguide samples fabricated in
the context of different projects.
3.4.1. Master mold
Capillary-filling based waveguides
Master molds containing waveguide core features were fabricated by means of LDW using
Epocore as a resist. For the capillary-filling based waveguides fabrication process, the
design consisted of an array of parallel channels with certain widths which were connected
together and to a circular reservoir at one of the extremes.
Soft-imprinting based waveguides
In the case of waveguide fabrication using soft-imprinting, additional considerations have
to be taken into account for the master mold design. Soft-imprinting relies on capillary
forces, thus when the deposited (spin-coated) prepolymer layer is put in contact with the
stamp, the material will start to flow [29] and tend to fill the channel. This flow creates a
gradual local squeezing in the area surrounding the channel. In order to reduce or avoid the
residual layer, an array of channels can be used [30]. The advantage of this method is that
the amount of the polymer that needs to be squeezed by the mold is reduced, and at the
same time the volume to be filled is increased. This array should be approximately periodic
in order not to have a lack or excess of material in part of the structures. In order to not have
a residual layer, the volume of the uncured polymer layer in a period has to be the same as
the volume of the channels to be filled, which determines the thickness of the spin-coated
layer in function of the duty cycle of the array. For waveguide fabrication, thus, is more
convenient to fabricate them in arrays instead of individually. However, it may be desirable
to have a certain lateral separation between waveguides e.g. to avoid coupling between
them. A big lateral separation between structures can impede the complete squeezing of
the layer in contact with the valleys of the stamp towards the channels. This results in a
residual layer. In order to deal with this issue, dummy channels can be added to the array
design (see Fig. 3.16 and Fig. 3.19) to act as reservoirs that absorb the excess of material.
Therefore, from now on we well refer as waveguides to the channels used to fabricate
functional optical waveguide structures and as reservoirs to those channels whose role is to
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Figure 3.16: Example design for the master mold used to fabricate waveguides by
imprinting. The wider structures are designed as reservoirs.
A simple approach is to include wide reservoirs, which will also relax the processing
requirements since there is no need for them to be completely filled (see section a in
Fig. 3.19). The limitations in terms of waveguide cross-sectional dimensions and waveg-
uide separation to avoid the residual layer will depend on the flow properties of the material
to be imprinted. The flow properties depend on the viscosity of the polymer (which reduces
with the temperature; on the chemistry of the optical polymer and the mold determining
the affinity, thus the resistance to flow, and the forces imposed during the imprinting
process. Note that the distance between the structures is enough to allow coupling to a
single waveguide and prevent coupling between them.
3.4.2. Working stamp
Capillary-filling based waveguides
The master mold of the capillary-filling based waveguides was replicated in OF-134
polymer by simply casting the uncured polymer on the master mold and curing it in a N2
atmosphere with a UV lamp. After the soft fluorinated mold was released from the master
mold, a perforation was made through the mold towards the reservoir using a biopsy punch
(to be able to deposit the waveguide material) and a cross-section was defined with a blade
in the other extreme (as venting holes).
Soft-imprinting based waveguides
For the soft-imprinting approach, MD40 or MD700 PFPE polymers were first deposited
on top of the master mold. Then, a transparent foil was rolled over the polymer layer. The
foil contains an adhesive layer on one of the sides which is brought in contact with the
polymer layer during the rolling process. This foil not only serves as a carrier but also
avoids the inhibition of curing by isolating the PFPE from oxygen. After UV-curing the
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Figure 3.17: Example of fabricated working stamps in MD40 used to fabricate waveguides
by imprinting. The master mold was fabricated using LDW to pattern Epocore. The
design corresponds to molds used to imprint the under-cladding.
the master mold. This process is analogous to the process flow to fabricate grating working
stamps using PFPE polymers described in Sec. 3.3.2 and was illustrated in Fig. 3.10.
Examples of cross sections of fabricated working stamps are shown in Fig. 3.17.
3.4.3. Polymer patterning using a soft mold
Capillary-filling based waveguides
The working stamp was placed manually on top of the previously deposited cladding con-
taining gratings, aligning the waveguide perpendicular to the grating lines. The waveguide
cores were then defined by capillary filling the stamp with a mix of Ormocore and ma-T
1050 solvent prepared in a 1:1 ratio by weight (selected as a trade-off between viscosity
and limiting the amount of solvent). Drops of diluted prepolymer were deposited at the
end-facet of the stamp while the open reservoir was used to generate the capillary action.
The capillary filling can be done in a passive way, letting the polymer mix flow sufficiently
long to reach the maximum filled length (which depends on the channel cross-sectional
dimensions), or assisted by vacuum. Using this approach, waveguides with a length of
1 cm to 2 cm were achieved.
Soft-imprinting rib and ridge based waveguides
The definition of waveguide cores on top of a cladding layer using imprinting technology
is an extension of the fabrication methods considered in Sec. 3.3. The process flow of the
waveguide fabrication process is illustrated in Fig. 3.18.
In order to test different waveguide-reservoir combinations, a variety of arrays were
combined in a LDW design. Ormocer® was chosen to perform the first tests on waveguide
fabrication using imprinting technology. Before imprinting the waveguides, a mix of
Ormocore 1:1 ma-T 1050 was spin-coated on a 1/4 of Si wafer at 3000 rpm for 30 s and
soft-baked for 10 minutes at 90 ◦C in order to evaporate the solvent. A stamp consisting of
MD700 on a foil carrier was rolled over the sample immediately after removing from the
hot-plate. After 10 s illumination with a UV lamp at 30 mW cm−2, the stamp was released
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Figure 3.18: Process flow of direct fabrication of waveguides by imprinting the waveguide
core. This approach leads to rib or ridge waveguides, depending on the presence or not of
residual layer.
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(a) (b)
Figure 3.20: Ormocer®-based waveguides defined using replication of a soft mold
was performed on a convection oven at 120 ◦C for 90 min. After cooling down, clean
cross-sections were made by cleaving the Si substrate using a diamond pen. In Fig. 3.19,
some examples of different designs for the fabrication of 5 µm × 5 µm waveguides are
shown. It can be seen how the design has an strong influence on the thickness of the
residual layer. The cross-sections ’a’ and ’c’ present no appreciable residual layer while
in ’b’ a layer is visible, with a thickness in the order of hundreds of nanometers. The
thickness of the layer in the flat parts away from the array design was measured with a
microscope, resulting in ≈ 1.8 µm. This thickness corresponds to the thickness of the
spin-coated layer after the solvent evaporation.
Fig. 3.20 shows examples of waveguide cores fabricated on top of a cladding by imprinting
technology. In these SEM micrographs the quality of the replication process can be
appreciated. The sidewalls are rough while the top of the waveguide is very smooth. This
is because this particular master mold was fabricated by mask-lithography (see Sec. 3.5)
leading to a certain roughness on the sides. A similar process was successfully applied
to define microring resonators1 on Ormocer® showing a high optical quality factor
(Q = 39000) [31]. The cross sections (FIB-SEM) show that the rings were well defined
having a thin residual layer. The behavior of the optical resonator structures confirm that
high optical quality can be obtained using this fabrication method. Note that in this case the
design is not a periodic waveguide array but instead other dummy structures were added to
squeeze the polymer. It is also relevant to comment on the yield of successfully imprinted
structures, which was substantially increased when using PFPE-based soft molds instead
of the rigid mold previously tested, which were based on SU8 structures photo-defined
on a Si substrate. The use of flexible molds facilitate the conformal contact over a large
area, leading to samples in which the majority of the ring resonators were functional. In
Fig. 3.21, an example is shown of a stamp made of MD40 used to imprint ring resonators.
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Figure 3.21: Example of MD700 mold of ring resonator structures. These results are
framed in a collaboration with the Photonics Research Group, Department of Information
Technology [31].
As can be seen in the SEM micrographs, the mold presents a good quality, being smooth
and free of defects. Fig. 3.22 shows the FIB-SEM micrograph of a sample fabricated using
a MD700 stamp to define Ormocore® cores on top of a SiO2 cladding. This fabricated
ring-resonator structures show a residual layer as thin as ≈ 40 nm.
Soft-imprinting inverse-rib and ridge based waveguides
Another approach to define waveguides using imprinting is by first defining grooves in the
under-cladding based on a master mold with an inverse design i.e. having grooves with the
core dimensions. In a second step, the cores are filled by spin-coating a thin layer on the
patterned under-cladding. Rolling a flat mold (or a mold containing nanostructures) over
the core prepolymer before UV-curing the layer under it reduces or almost eliminates the
residual layer. This process flow for waveguide fabrication is illustrated in Fig. 3.23.
In Fig. 3.24, the results of an array of waveguides obtained using this fabrication method
are presented. In this case, a layer of Ormoclad was spin-coated at 3000 rpm for 30 s and
after a soft bake at 90 ◦C on a hot plate for 5 min the mold with inverse structures was
rolled on top. After UV-curing it for 10 s at 30 mW cm−2, the mold was released and the
post-exposure bake and hard bake steps were performed. A layer of a mix of Ormocore
1:1 ma-T 1050 was processed on top using the same parameters but using a flat mold
with a large area grating defined on the center. In Fig. 3.24, we can visualize the different
structures i.e. waveguide cores (≈ 6 µm wide), reservoirs and spacings. We observed the
majority of the channels to be correctly filled and the presence of grating structures on
the filled channels and spacings (in the residual layer). Note the presence of trapped air
bubbles on some reservoirs. In the cross-sections, we see how some designs lead to an









3.4 Microstructures: waveguides 105
Figure 3.22: Example of waveguides fabricated using imprinting technology. The
Ormocer® channels can be visualized between the substrate and the Pt deposited on top.
The design of the ring resonator structures was performed at the Photonics Research
Group, Department of Information Technology [31]
Figure 3.23: Process flow for inverse fabrication of waveguides by imprinting the
waveguide under-cladding and spin coating the core layer. This approach leads to rib or
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Figure 3.24: Example of fabricated waveguides by imprinting the under-clading and with
gratings integrated on the cores.
not be observed under the microscope with an objective of 100x.
Another example of fabricated inverse rib waveguides is shown in Fig. 3.25, on the FIB
cross sectional view we can see two imprinted cores with a residual layer measured to be
as small as approximatly 80 nm to 95 nm. In this case no stamp was used when defining
the cores.
3.5. Combination of micro- and nanostructures:
waveguide with integrated gratings
A hybrid method combining nano-imprinting lithography and mask-lithography is pre-
sented in this section. The aim of using this method is to fabricate waveguides with
integrated gratings that can be used as a master mold. This master mold allows the fabri-
cation of waveguides with gratings sensors with a single replication step. The concept is
illustrated in Fig. 3.26.
First, a Titanium tungsten (TiW) lithography mask is fabricated on a cleaned 10 cm× 10 cm
borofloat glass substrate. A layer of TiW (≈ 150 nm thickness) was sputtered, then a layer
of the positive photoresist nLOF2070 diluted in a ratio 1:0.4 was spinned at 2000 rpm for
30 s and soft-baked 5 min at 120 ◦C and exposed with the LDW equipment defining an
array of waveguides. After the UV-exposure with a dose of 66 mJ cm−2, the sample was
baked at 130 ◦C and developed with MIF726 developer for 150 s. Finally, a wet etch step
was performed to transfer the structures to the metal. The parameters for the TiW wet etch
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Figure 3.25: Example of fabricated waveguides by imprinting the under-cladding in
Ormocomp and spin-coating Ormocore. These waveguide structures were fabricated in
collaboration with the Photonics Research Group, Department of Information Technology.
Figure 3.26: Mold fabrication for the fabrication of waveguides with gratings integrated
on the cores.
DI water. Afterwards, the resist was stripped in acetone.
At the metal side of this fabricated mask, an Epocore layer was spinned at 3000 rpm for
30 s. After the soft-bake, a PFPE mold containing a 505 nm pitch grating was imprinted
using a roller. Then, the stack was placed on a mask aligner tool with the mold facing
down and then the polymer layer was back-illuminated for 30 s at ≈ 14 mW cm−2. After
illumination, the mold was released and the sample was baked, developed 60 s in mr DEV
600 and rinsed in IPA prior to be hard-baked. In Fig. 3.26, we can see a picture of the
fabricated master mold. Fig. 3.27 shows examples of microscope pictures of the master
mold (left) and its structures transferred to Ormocore photo-polymer (right). The working
stamp fabrication and replication into the polymer was done using the same parameters
than those used to fabricate rib waveguides (see Sec. 3.4.3).
In the SEM micrographs of Fig. 3.28, the transferred structures are presented. Fabricated
waveguides with a width of 3 µm and reservoirs of a width 15 µm with uniform, well-
defined gratings on its top surface are shown. The presence of a higher roughness compared
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Figure 3.27: Fabricated master mold (left) and a sample replicated on Ormocer® (right).
The different colors that can be appreciated in the left picture correspond two the regions
with (down) and without (up) grating.
(a) Waveguide and reservoirs. (b) Waveguide.
Figure 3.28: SEM micro graphs of Ormocer waveguides with integrated gratings











The replication of optical nano- and micro-structures via soft-imprinting using soft flexible
polymer stamps is a fast, robust, high-yield and cost-effective technology. Furthermore,
this technology is compatible with large area roll-to-roll fabrication of photonic devices
combining micro- and nano-structures. In addition, replication technologies are potentially
suitable for structuring any polymer subjected to capillary action forces, which is of special
interest for materials that can not (or are more challenging to) be patterned using traditional
lithography. The fabrication by imprinting comprises two main steps, the replication of
a master mold into a flexible soft polymer stamp, and the subsequent replication in the
desired polymer layer. Phase mask lithography was used to fabricate in-house master
molds consisting of 1010 nm pitch gratings. This technique was selected as a proof-of-
concept before ordering commercial master molds. The quality of the fabricated gratings
was sufficient to develop the imprinting technologies but homogeneity and repeatability
were not further optimized. Large area gratings with periods of 1010 nm, 505 nm and
278 nm were successfully transferred from commercial or in-house-fabricated master
molds to UV-curable optical polymers serving as flexible working stamps. In addition we
have demonstrated the manufacturing of master molds by combining multiple gratings
through hot embossing. Waveguides were also successfully replicated from polymer stamps
using two different approaches, capillary-filling and imprinting technology. Waveguides
fabricated by capillary filling resulted in good quality waveguides. Furthermore this
fabrication method results in waveguides without any residual layer, which is an important
factor limiting the bending losses. However this method is less scalable because of a
limitation in the waveguide length. Imprinting technology on the other hand does not have
an intrinsic limitation in waveguide length but requires an optimization of the process
flow to reduce or eliminate the residual layer. Several waveguide structures (ridge, rib
and inverse-rib) were fabricated showing high quality (see Fig. 3.20, Fig. 3.22, Fig. 3.25
and Fig. 3.28) over their complete length (centimeters). Waveguides bends were also
fabricated without decrease in quality or yield. The combination of imprinted gratings
and waveguides can also be implemented using either a two-step or single-step imprinting
approach leading to the fabrication of Bragg waveguide sensors which can contain several
gratings.
As far as we know the first successful patterning of Ormocore waveguides by soft-
imprinting technology was reported in 2016 [32]. However, they used a PDMS stamp
which required a pre-treatment of the stamp in N2 atmosphere and a washing step in a
solvent after demolding, which is not desirable for mass production. Furthermore, the
first reported fabrication of all-imprinted Bragg grating sensors was reported by us also in
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Temperature and stress (and pressure as a particular case) are two important physical
parameters that are routinely measured. This is because monitoring these parameters
allows to indirectly monitor several phenomena, such as leakages or structural degradation.
Monitoring changes in stress and temperature can, among others, indicate the status of
a process, be used to increase the safety or reduce costs and materials [1]. For example,
temperature sensors can be used to detect hot spots and prevent fires or to monitor combus-
tion processes. Some examples of the use of stress (pressure) sensors are the control of
equipment in industrial processes, measuring liquid levels and monitoring heart beat.
One broad field of application of physical sensors is structural health monitoring (SHM).
Because of the lack of structural health monitoring systems nowadays, many structures
are replaced purely for precautionary reasons to prevent possible failure during operation.
Adding sensing intelligence to these structures not only prolongs their effective lifetime
but also significantly decreases the environmental and human impact through a reduced
use of raw materials and energy savings (e.g. by reducing fuel consumption in aeronautic
and automotive industries or by enabling wind turbines to operate much closer to their
design limits, increasing wind energy capture and thus electrical energy output). Increased
monitoring also limits the need for periodic inspections. Thus, structural health monitoring
is a growing market with a great potential [2–4]. Distributed measurements of stress
(pressure in a given direction) and temperature within a structure can provide information
to monitor the health of a structure (e.g. aging, impacts).










the complexity of the possible failure mechanisms. The goal of a SHM system is to detect,
locate, and identify damage in a structure during its lifetime [5]. Highly accurate and
reliable characterization of damage at early stages requires continuous or quasi-continuous
direct sensing of the critical parameters. Direct sensing requires deploying dense arrays of
sensors, to enhance the probability that damage will result in signals that can be directly
acquired by the sensors [6]. The coverage of large areas demands cost-effective solutions.
Optical fiber Bragg grating sensors are commonly used to monitor structures (see Sec. 1.5.2)
but the use of optical polymers has several advantages [7]. Namely, polymers can be
highly sensitive owing to the material constants, they are cost-effective, offer integration
capabilities within the structure materials and allow larger elongations than silica [8].
Moreover, polymer waveguides can be fabricated on a planar substrate instead of in a fiber
configuration. This planar configuration facilitates further integration of the sensors in
a well-defined orientation e.g. in an optical integrated circuit. Since a practical system
for SHM applications requires other functionality in addition to sensing, such as readout
capabilities and data transmission [6], integration capabilities are highly desired. Beside
that, the geometry of rectangular polymer waveguides can be selected to tune the number
and effective refractive index of the guided modes (see Sec. 2.5). Thus, this configuration
is very convenient to select modal characteristics for optimal sensing behavior. Also,
by selecting the appropriate material combinations of core and cladding, the waveguide
response to a certain physical quantity can potentially be tailored. This paves the way
to e.g. the design of temperature compensated sensors [9] or the discrimination between
stress and temperature [10].
The main limitations for the use of polymers are the exposure to corrosive environments or
extreme temperatures, both of which can completely degrade a polymer sensor. However,
there is a large range of applications in which polymers are very suitable. Another
challenge is the light coupling from a broadband or tunable source and out-coupling to
a detector, which at the present moment is done by coupling light from and to an optical
fiber. However great efforts are being made to add sources and detectors to integrate a
read-out system [11]. Thus, the aim of the present work is to demonstrate the potential of
planar polymer Bragg sensors as an integrated and cost-effective solution for composite
monitoring.
4.1.1. Rossette: multi-axial strain
In addition to acceleration, strain is one of the most important physical quantities to judge
the health of a structure [12]. The reason is that structural materials fail when the stress
reaches the yielding point or exceeds the strength of the material. On the other hand, strain
is directly correlated with stress, which makes it an important parameter to monitor in
SHM applications. Any change in the stress field (e.g., due to damage) implies a change in
the strain field, which can be detected by an appropriate strain-sensing SHM system. Early-
stage damage frequently occurs in the form of local strain-field anomalies [6]. Structural
health monitoring necessitates the possibility of measuring multi-axial strain fields [13].










ultimately be possible to qualify and quantify internal damage [14]. In addition to normal
strain components, there is great interest in measuring shear strains in an increasing number
of applications [15].
Strain is a tensorial quantity. The stress in a plane can be expressed as [16]:
εij =
ε11 ε12 ε13ε21 ε22 ε23
ε31 ε32 ε33
 =
 εx γxy γxzγyx εy γyz
γzx γzy εz

where εi are the normal strain components and γij the shear strain components.
In order to determine the components of the 2-dimensional strain tensor, it is possible to
use a rosette which consists of several strain gauges in a certain configuration so their
characteristic dimension is oriented at different angles [17]. In Fig. 4.1 the particular
case of a rosette with gauges oriented at 0°, 45° and 90° is shown. If we consider the
gauge oriented at 0°, we can notice that the measured magnitude will be the εxx strain
component. Analogously, the gauge oriented at 90° will sense the εyy component. For the
gauge at 45°, it can be verified that it measures a combination of the three components
1/2(εxx+εyy)−εxy . Therefore, from the three measured values it is possible to reconstruct
the strain tensor [18], which can be related to the stress tensor. If the stresses are not
uniform, multiple sensors have to be used in order to obtain sufficient information on the
strain distribution.
As in our case we are using Bragg grating sensors as optical strain gauges in order to
obtain the strain distribution on a certain location using a single source, it is necessary to
multiplex the sensor with three gratings oriented in known directions.
4.1.2. Decoupling temperature and strain
One of the challenges when designing sensors is to discriminate the influence of several
parameters that contribute to the change of the signal to be measured. For instance, sensors
in general are not specific to a single parameter and in the majority of the cases it is required
to compensate or decouple the response. In the context we are considering, temperature
and strain are the parameters of interest.
Several approaches have been reported to discriminate between strain and temperature
(see Sec. 1.5.2) [19]. In case of fiber sensors, the discrimination approach is in most
cases based on combining two FBGs or a single FBG with other fiber elements. However,
it is highly desirable to utilize a single sensing element. Simultaneous measurement of
temperature and strain has also been reported using a single Bragg grating in an optical
fiber [20, 21]. An interesting and promising approach for decoupling temperature and
strain using Bragg sensors in a few-modes POF has been proposed [10]. The dependence of
the modal behavior with respect to temperature and strain is in general different and relies
on the material properties. The results of the experiments carried out using few-modes
POF showed a much higher modal dependence for the thermal sensitivity than for the










Figure 4.1: Schematic showing the components of the stress tensor in a plane with
superposed strain gauges oriented respectively at 0°, 45° and 90° with respect to the x̂
coordinate axis.
The same principle can be applied to planar waveguides, which is promising due to the
larger number of possibilities in design and fabrication processes. Also, the combination
of different materials (possessing different intrinsic sensitivities) in a waveguide paves the
way to maximize the difference in sensitivities of different modes to the parameters we
would like to decouple. If the core and cladding material sensitivities to a certain parameter
are very different, it is expected that modes with different penetration depths will offer
different responses to changes. If the change of wavelength with the temperature and strain



















So solving the equation by the inverse matrix method [22] will give us the expression of
the temperature and strain in function of the wavelength shifts of the peaks.
Note that any errors on the measurement of λ1 and λ2 will propagate, and lead to decreased
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4.1.3. Monitoring of composite materials
This chapter is linked with the project Self-Sensing Composites (SSC)1, of which the
aim was to overcome the limitations of the existing (embedded) sensor technologies. Our
team’s main goal within this project was to asses the potential of polymer based Bragg
sensors for structural health monitoring of composite materials in a real-life environment.
As discussed before, polymer planar waveguide Bragg grating sensors are good candidates
for SHM.
In order to determine the usability and performance of our Bragg grating sensors it is
required to test their response when integrated in the composite materials. The benchmark
used for the SHM of composite materials using optical sensors are the fiber Bragg sensors
(see Sec. 1.5.2)
In this thesis, a novel polymer-waveguide-based sensor for SHM of composite materials is
proposed. This sensing concept has the potential to measure multi-axial strain (and shear
strain) and at the same time decouple the temperature contribution.
As several optical polymers are available in the market, with each of them offering different
physical and chemical characteristics, it is first required to assess the material compatibility.
In Sec. 4.2.1 we first compare two candidate polymers, Ormocer® and epoxy, to be used
as Bragg waveguide sensors to monitor temperature and stress of composite materials. The
material compatibility is tested by embedding thin dummy polymer waveguide foils and
the sensing performance is evaluated using single Bragg grating sensors fabricated on a
FR4 (composite) substrate. Afterwards, thin polymer Bragg sensor foils of 3 different
thicknesses are fabricated, embedded in a composite sheet during its production and tested
for strain sensing (Sec. 4.2.2).
In the following sections we present sensors designed on one hand to obtain multi-axial
strain sensing (Sec. 4.3) and on the other hand to decouple the temperature and stress
information (Sec. 4.4).
4.2. Polymer waveguide single Bragg grating
sensors for composite monitoring
4.2.1. Comparison of optical sensor polymers
Design
The design considerations at this stage were related to the usability of the samples for
testing both the compatibility with the embedding process and the sensitivity to temperature
and strain. First, free-standing foil dummy samples containing 50 µm x 50 µm waveguides
were fabricated using three different polymer chemistries for testing the compatibility
within the composite material.
Afterwards, functional sensors were fabricated on top of a composite substrate (FR4) in
order to obtain specimens to characterize the sensing behavior of the Bragg sensors. For










these functional samples the goal was to obtain few-mode or single-mode waveguides
with dimensions allowing proper coupling to single mode optical fibers. The operation
wavelength was selected in the telecom range, which is compatible with standard interroga-
tors and allows greater dimensions of the waveguide cores and grating pitch compared to
shorter wavelengths. However, this at expense of higher propagation losses and therefore
shorter possible waveguide lengths. If we approximate the neff of the guided modes to
the refractive index of the cores (≈1.577 for Epocore and ≈1.532 for Ormocore) we can
obtain the expected value for the reflection peaks for a grating pitch of 505 nm, i.e.:
λepoxyBragg ≈ 1593 (nm)
λOrmoBragg ≈ 1547 (nm)
Which are values compatible with available SLED’s wavelength range and common
interrogators.
For the waveguide structures, a test design was used to define 5 µm core width. The
array design is shown in Fig. 4.2 and was conceived to be compatible for patterning
Ormocer® waveguides by imprinting lithography, thus reservoir channels were included
in the design. The inverse design was also included, in order to be able to define waveguides
in a reverse-rib approach. Variations in reservoir widths and spacings were also included
in order to test how these dimensions affect the fabricated structures, as explained in Ch. 3.
Fabrication flow
Dummy samples with Ormocore-Ormoclad, Epocore-Epoclad (from micro resist technol-
ogy) and LightLink (XP-5202A and XP-6701A, from Dow) waveguides were fabricated to
investigate the embedding characteristics of thin polymer foils with waveguide structures.
The fabrication comprised four main steps: the fabrication of a release layer and the three
waveguide layers. The release layer was fabricated by first depositing a layer of VM652
(an organosilane-based adhesion promotor from HD Microsystems) at the edges of the
substrates using a syringe, which was cured thermally, followed by the deposition of a 5 µm
thick layer of polyimide (PI2611, HD Microsystems) on the glass substrate using spin-
coating and subsequent thermal curing steps. In this way, the PI2611 layer which is used
as a release layer is attached to the substrate at the edges by the VM652. The multimode
waveguide layers were fabricated using mask lithography following standard steps namely
spin-coating, soft bake, illumination through a lithography mask, post-exposure-bake,
developing and hard bake. After the waveguide fabrication, a CO2 laser was used to cut
the surface inside the VM652 frame and afterwards the samples were soaked in water in
order to release the polyimide from the substrate. Finally, the polyimide layer was peeled
off, resulting in free standing polymer waveguide foils. After fabrication, the dummy
samples were embedded in a laminate composed of 4 unidirectional layers of carbon fibers
produced by an autoclave process.
Functional polymer Epoxy-based and Ormocer® sensors were fabricated on top of a glass
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Figure 4.2: Design of the waveguide arrays (from 1 to 9) used to pattern the Epoxy
waveguides. The numbers indicate the dimensions (in µm) of the waveguide cores,
reservoirs and spacings.
For the epoxy sensors, the Bragg grating reflectors were patterned on the under-cladding by
nano-imprinting lithography (NIL) [23] using a soft stamp. This soft stamp was previously
fabricated from an available master mold consisting of a Si wafer with a large area 505 nm
pitch grating defined in the center. The flat Si surface and the grating were transferred from
the master mold to a UV curable fluorinated transparent polymer soft stamp. This soft
stamp was positioned on top of a spin-coated cladding polymer layer just after a prebake
step on a hot plate. Contrary to Ormoclad, Epoclad is too viscous at room temperature
to flow by capillary forces. Therefore, to allow Epoclad to fill the mold grooves the
samples were placed on top of a hot plate at 90 ◦C before being in contact with the soft
mold. After cooling down, the samples were UV-exposed through the transparent mold. A
post-exposure bake was performed after removing the mold from the UV-exposed layer.
The hard-baking was performed in an oven for 1.5h at 120 ◦C. In order to improve the
adhesion between the polymer layers and the substrate, a plasma treatment step was done
immediately before spinning.
A set of 5µm Epocore thick waveguide cores were defined on top of the cladding using
laser direct writing. After illumination, the sample was post-exposure baked and then
developed [24].
In the case of Ormocer®, the under-cladding was patterned with grooves defining the core
structure by NIL. This process was chosen because Ormocer® is not compatible with our
laser direct writing focusing system and only allows mask lithography in proximity due
to being still viscous (and sticky) after the soft bake. The master mold was fabricated in




























Figure 4.3: Spectrum of the pigtailed Ormocer® sample showing the absolute reflectivity
of the sensor.
channels and curing steps, a mix of Ormocore and the solvent ma-T 1050 in a 1:1 weight
ratio was spin-coated at 4000rpm for 30s on top of the Ormoclad in order to fill the
channels. After a baking step of 5 minutes at 90 ◦C on a hot plate, the soft mold containing
the grating structures was placed in contact with the Ormocore layer, after which the
sample was UV-cured and the post-exposure baking steps performed. A top cladding
layer was processed on top of the cores of both samples. The facets of the samples were
then defined, first using a dicing blade and then by polishing the cross-section to obtain
sufficient optical quality to butt couple the light.
Characterization
After embedding the dummy samples, the composite was diced exposing the waveg-
uide foils cross-sections. Then, these cross-section were polished to prepare them for
microscope evaluation.
In the case of the functional samples, to make a testable and robust sample, an SMF-28
single mode optical fiber was pigtailed to one of the waveguides using a UV-curable
epoxy and a dedicated connector. The cross-section dimensions were ≈4 µm×3 µm and
≈5 µm×5 µm for the Ormocer® and the epoxy waveguides respectively. The reflection
spectrum was inspected before, during and after pigtailing using a source with a broadband
spectrum from 1530 nm to 1610 nm (ASE FL7002, Thorlabs), a fiber optic circulator and
an Optical Spectrum Analyzer (OSA). The spectrum of the pigtailed Ormocer® sample is
shown in Fig. 4.3.
The tensile tests were performed in displacement control with a crosshead speed of
0.2 mm min−1 using an 8801 servo-hydraulic test machine from Instron® with a 100 kN
load cell. A 10 mm gauge length dynamic extensometer with a strain range of ±10% was
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Figure 4.4: Configuration of the specimen constituted by the sensor, pigtailed fiber and
clamps
be able to clamp the sample to the arms of the tensile tester, steel spacers were glued
on both faces of the specimen in its extremes. In Fig. 4.4 the final configuration of the
sample (left) and the setup (right) are shown. The reflection spectrum peak was tracked
using a dedicated optical fiber sensor interrogator (FBG-Scan804 interrogator from FBGS
Technologies GmbH) operating from 1510 nm to 1590 nm and with a resolution of±1 pm.
Since the data acquisition from the extensometer and the optical fiber sensor interrogator
were performed at different rates, we used the acquisition time to synchronize both of them.
The strain data was linearly fitted with respect to time and the result of this linear fit was
used to correlate the strain with the Bragg peak wavelength.
The temperature tests were performed in a temperature controlled environmental chamber
(Eurotherm2408 from Instron®) which has a port on the bottom to allow the pigtailed fiber
to be connected to an interrogator outside. The sample was positioned in the center of the
chamber with a Type K thermocouple measuring the environmental temperature in the near
vicinity of the grating to monitor the temperature. The temperature was ramped up between
20 ◦C and 60 ◦C. The spectrum acquisition was performed (with the same interrogator
previously used) every 5 ◦C after letting the temperature stabilize in the chamber for 5
minutes.
Results
The results of embedding different waveguide dummy foils in composite are presented in
Fig. 4.5.
The polymer foils are visible in the mid-plane of the laminate. It can be seen how due to
different chemical and physical properties between the guest and the hosting materials, the
production process induced waviness on the polymer foils. Epoxy waveguides (Fig. 4.5,










Figure 4.5: Cross section of embedded epoxy (left) and Ormocer® (right) dummy
sensors (layers on the center of the images) consisting of multi-mode waveguides released
from the substrate. Both images are plotted at the same scale.
thermal properties and higher stiffness of the foils. Moreover, the chemical composition of
the polymer belongs to the same group of epoxy materials with which the reinforcing fibers
of the composite are impregnated. However, in the case of Ormocer®, the waviness caused
delamination at the interface with the composite due to the brittle behavior of this polymer
(Fig. 4.5, right). The results of the LigthLink-based sample were intermediate, showing
some waviness but not delamination. However, due to issues regarding the acquisition of
the material in addition to being more expensive than the other two polymers, LigthLink
was not considered for further analysis. Epoxy was selected as the material for samples
to be embedded and Ormocer® was kept under consideration in order to compare the
sensing results of two different optical polymer materials.
The reflected spectra of the functional samples were measured, having a Bragg peak
wavelength at ≈1580 nm for the epoxy and at ≈1540 nm in the case of Ormocer®, which
is in agreement with the theoretically predicted values.
Although the grating design was not optimized, the spectra showed clear peaks with high
reflectivities, especially in the case of Ormocer®, which has lower intrinsic losses. In
Fig. 4.3 a peak reflectivity as high as ≈ 10% can be seen. This reflectivity was obtained
after pigtailing and was calculated by normalizing the sensor signal with the spectrum of
the cleaved fiber just before pigtailing (which was considered to have 3.488% reflectivity).
Thus, the reflectivity includes the coupling and propagation losses. The epoxy-based
sensor provided a lower reflectivity signal which can be explained due to the greater value
of the intrinsic losses of the material. Nevertheless, considering that Bragg sensors rely in
the measurement of a peak wavelength shift, the only requirement for the signal intensity
is that it is sufficient to allow the interrogator to perform the peak tracking. This was the
case for both of our sensors.
The data obtained in the tensile tests is shown in Fig. 4.6. The results given by the
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Figure 4.6: Data points and fit of the tensile tests of the epoxy (a) and Ormocer® (b)
sensors fabricated on a composite (FR4) substrate.
λepoxyBragg (nm) = 1.27 · 10
−3 (nm/µε) × ε (µε) + 1579 (nm)
λOrmoBragg (nm) = 1.41 · 10−3 (nm/µε) × ε (µε) + 1540 (nm)
Leading to a sensitivity (∆λ/∆ε) of 1.27 pm/µε and 1.41 pm/µε respectively. These
values are comparable (or slightly higher) than those previously reported for unetched
POF’s [10, 22, 25, 26].
The results of the temperature tests are shown in Fig. 4.7 and are summarized below:
λepoxyBragg (nm) = −0.0903 (nm/
◦C)× T (◦C) + 1581 (nm)
λOrmoBragg (nm) = −0.2504 (nm/◦C) × T (◦C) + 1546 (nm)
The obtained temperature sensitivities (∆λ/∆T ) are −90 pm/◦C for the epoxy sample
and as high as −250 pm/◦C in the case of the Ormocer® sample, thus more than 20
times higher than silica. Note that negative values of the slope (blue-shifts) are typical of
polymers due to the negative sign of its thermo-optic coefficients, as was mentioned in
Sec. 2.9.
The presented results indicate that Ormocer® waveguide sensors are more sensitive to
both strain and temperature. However, epoxy is compatible with the embedding process
while the Ormocer®-based waveguide foils suffered from deformation and delamination.
Considering these results, we selected epoxy as the material for the fabrication of embed-
dable sensors. Nevertheless, Ormocer® was also further considered for the fabrication of
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Figure 4.7: Data points and fits of the temperature tests of the epoxy (a) and Ormocer® (b)
sensors fabricated on a composite (FR4) substrate. The temperature was measured with a
thermocouple mounted over the grating area while the peak wavelength was tracked using
a FBG interrogator.
4.2.2. Flexible sensors for embedding in composites
Based on the results obtained from the comparison of the Ormocer® and epoxy sensors,
the latter were selected to be embedded in composites and tested for strain monitoring and
impact detection. For this purpose, epoxy sensor foils of 3 different thicknesses ≈ 30 µm,
≈ 50 µm and ≈ 100 µm were fabricated and embedded in a composite sheet during its
production.
Design
The design consisted of arrays of 5 waveguides per dimension, respectively with a width of
5 µm, 8 µm, 10 µm and 20 µm. The selected thickness was 5 µm. This design was repeated
three times in the same substrate with a separation of 1 cm. Note that the large-area
imprinted 505 nm grating allows the fabrication of waveguides in parallel over a total
width of 3 cm without the need of lateral alignment.
Fabrication
The fabrication process-flow was analogous to the one described in Sec. 4.2.1, but using
a release layer between the glass substrate and the Epocore/Epoclad waveguide layers.
First, a primer (adhesion promoter VM652) was dispensed at edges of the glass substrate
using a syringe with a needle and cured 60 s at 120 ◦C. Then, a polyimide (PI2611) layer
was spinned at 500 rpm for 5 s and 30 s at 3000 rpm and baked 10 minutes at 200 ◦C. A
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a) b) c) 
d) 
Figure 4.8: a) Epoxy sensor foils after releasing from the glass carrier. b) Epoxy sensor
foil positioning on a unidirectional fiber sheet. c) detail of embedding during the
composite production. The epoxy (blue) has partially impregnated the fiber matrix. d)
Composite production setup.
at 200 ◦C (ramp at 4 ◦C min−1) and then 60 minutes at 350 ◦C (ramp at 2.5 ◦C min−1).
After the subsequent fabrication (5 arrays of sensors per sample), the samples were diced
using a Nd:Yag laser, subsequently immersed in DI water to release them from the glass
substrate (see Fig. 4.8 a) and afterwards the PI layer was easily peeled-off, resulting in
free-standing foils consisting of under-cladding-core-upper-cladding layers.
Free-standing foils of the different thicknesses were then embedded2 in a composite during
its production process (see Fig. 4.8). Four reinforcing fiber sheets (500 g m−2 UDO E
S500 unidirectional glass fiber from SGL Group) were used for the composite production,
and the foils were fixed on the second layer using tape. On top of the fiber sheets, a
distribution mesh is placed on top to assist the epoxy to flow over the sample from the
inlet to the outlet. After vacuum is created around the fiber sheets, the inlet was brought in
contact with the epoxy and then the resin allowed to flow and impregnate the fibers (see
Fig. 4.8 b,c,d). After the epoxy resin had fully impregnated the fiber sheets, the inlet and
outlet were sealed and the specimen cured at room temperature for 24 hours and post-cured
in an oven for 15 hours at 80 ◦C.
2Work carried out by Gabriele Chiesura from the Department of Materials Science (UGent) in the framework










After the release from the mold, the composite specimen was diced in pieces, each
containing a single sensor foil. Cross sections were made beyond the tape used to fix
the foils and then polished in order to obtain optically-clear end-facets that allow light
coupling. The samples were then characterized and pigtailed to a standard silica fiber using
a dedicated connector to provide robustness.
Characterization methods
In Fig. 4.9, the spectrum of the selected waveguides in the foil samples is presented. Before
embedding, the peaks are located at ≈ 1575 nm. The difference in the spectral shape of
the sensors corresponding to different thicknesses is noticeable, with the spectrum of the
50 µm thick sample being more distorted. Considering the theoretical aspects described in
Sec. 2.8.2, the distortion could correspond to non-linear chirping and phase-shifts in the
gratings. We also found the same shape of the spectrum in some of the waveguides on the
100 µm thick samples. This indicates that the mold used for the imprinting would have
defects in specific locations. The presence of distortions of the spectrum can potentially
lead to problems to track the peak wavelength. However, if we compare these spectra
with others found in literature (e.g. [27]) we do not expect these distortions to jeopardize
the sensor performance. If we compare the spectra of the embedded and non-embedded
samples we can appreciate a shift towards shorter wavelengths of about 4 nm. This effect
can be explained by the stress imposed on the waveguides during the embedding process.
As the epoxy composite polymer was cured at 80 ◦C, there will be a compressive residual
strain after cooling-down, caused by the thermal contraction [28]. In addition, we can
see that no strong distortion or peak splitting is observed after embedding. This is of
importance if we consider that peak distortion is one of the issues of embedding optical
fibers (see Sec. 1.5.2). We should note that the spectrum of the 100 µm thick foil sensor
before and after embedding is of two different sensors with an identical design.
The composite specimens were used to characterize the strain sensitivity of the embedded
sensors. The specimen preparation and tensile test were performed in an analogous way as
described in Sec. 4.2.1.
In addition, a pigtailed embedded foil sensor was dynamically tested to determine the
sensing capabilities of our sensors at high frequencies, with the goal of impact detection
and localization and reconstruction of the vibrational modes3.
In this test, a modal hammer was used as exciter and an accelerometer was used to compare
the data provided by the polymer Bragg grating sensor. The accelerometer was close to
the free extremity of the sample because the accelerations are higher at the free edge and
decrease to almost the theoretical value of 0 at the clamping location. The location of the
Bragg grating sensor was closer to the clamping area, in which the strain (for a cantilever
configuration like the one used for the test) is higher at the clamp area and decreases to
(theoretically) 0 at the free edge.
3Test performed by Alfredo Lamberti. Acoustics and Vibration Research Group from Faculty of Applied
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Figure 4.9: Reflection spectra of the (a) 50 µm and (b) 100 µm thick foil samples before
and after embedding in the composite and pigtailing.
Results
The results of the tensile tests are summarized in Fig. 4.10 and correspond to the following
sensitivities:
λ50 µmBragg (nm) = 1.1 · 10
−3 (nm/µε) × ε (µε) + 1572 (nm)
λ100 µmBragg (nm) = 0.82 · 10
−3 (nm/µε) × ε (µε) + 1571 (nm)
These results are comparable (slightly lower) to the results of the sensors fabricated on an
FR4 substrate and comparable to previously reported values for embedded sensors [29, 30].
Note that the datapoints, compared with the test done on FR4, do not follow a nice linear
trend, specially in the case of the 100 µm thick foil sensor. In this embedded sample,
the active sensing region (grating) was located close to the edge of the sample (and too
close to the connector) and the steel clamp pieces were glued partially overlapping the
grating region. When the sample was clamped on the testing machine, we observed the
disappearing of the spectrum peaks, which were slowly recovering after releasing the
force. This effect is probably due to the coupling losses caused by a misalignment of the
waveguides with respect to the in-coupling fiber. Therefore, in order to be able to track the
peaks, the clamping force had to be reduced, which led to non ideal testing conditions.
However, from the results we can conclude that the epoxy-based Bragg sensors are still
functional after embedding, thus they are promising towards the integration of sensor foils
for composite monitoring.
The results of the dynamic experiment showed a good response till ≈ 100 Hz. With the
provided data and the algorithm developed by the Acoustics and Vibration Research Group
from Faculty of Applied Sciences at VUB (Vrije Universiteit Brussel) it was possible to















































Figure 4.10: Results of the tensile testing on the 50 µm (a) and 100 µm (b) thick foil
samples.
provided by the accelerometer. Further work has to be done on a specimen complying with
the requirements of the setup (longer sample and sensors in different locations) in order to
analyze the behavior at frequencies higher than 100 Hz and verify the capability for impact
location and evaluation (which requires the analysis of several vibrational modes).
4.3. Multi-axial strain operating at 850nm
When designing our sensor to be embedded in composite materials, we have to consider
not only the compatibility of the materials and the sensitivity of the sensor but also the
desired operation wavelength, suitable waveguide dimensions and acceptable bending
losses. The selected wavelength is 850 nm for this multi-axial sensor because of the
availability of cost-effective integrated sources and detectors for this range and the lower
propagation loss in polymers compared to telecom wavelengths. As a consequence of
using a shorter wavelength, the waveguide cross-sectional dimensions required to support
the same number of modes are smaller too, which is more challenging for the pig-tailing
process. As we want to use three gratings in a rosette configuration, the waveguide has to
bend in order to cross perpendicularly with the grooves of the gratings. The associated
bending losses (for a given bending radius) are higher for lower refractive index contrasts.
However, the higher the index contrast, the more modes are allowed to propagate in the
waveguide, therefore if we want to achieve a single mode operation without reducing the
waveguide dimensions, we need to reduce the refractive index contrast. Thus, we have to
design a sensor that allows an acceptable bending radius simultaneously with single mode
operation. Another consequence of reducing the wavelength of excitation is the associated
reduction in grating pitch to obtain Bragg reflection for a given grating order. The use of a
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of suitable materials as a NIL stamp overcomes this potential issue as will be shown in
the results of this section. In addition, as the absolute sensitivity is wavelength-dependent
(see Sec. 2.8.2), the use of a shorter wavelength will result in a reduction of the sensitivity
approximately proportional to the wavelength ratio. Considering the strain sensitivity
of Ormocer®-based Bragg sensors at telecom wavelengths (see Fig. 4.6b), the expected
sensitivity values at 850 nm are expected to be analogous to those reported in literature for
e.g. polyimide-coated fibers at λ = 1550 nm embedded in composites [29].
4.3.1. Design
Waveguides
As mentioned previously, to achieve single mode operation at λ = 850 nm we can reduce
the core dimensions, reduce the refractive index contrast or both. Small core cross-sections
will potentially lead to increased in-coupling losses and lower refractive index contrast
implies higher bending losses. Another possibility is to consider asymmetric configurations.
Based on the experience from previous tests, we considered an inverse rib approach using
pure commercially available formulations in the under-cladding and core, combined with
a mixture of core and cladding formulations for the upper-cladding. In this way, the
refractive index contrast at the lateral sidewalls of the waveguide is maintained higher,
which allows smaller bend radii while the lower refractive index of the upper-cladding
allows greater single mode dimensions than compared to the symmetric case.
First, we consider epoxy-based waveguides using Epocore (n = 1.581) and Epoclad
(n = 1.569). The single mode condition for the dimensions of a square waveguide is
about 3.1 µm (see eq. 2.27a and Sec. 2.5). If we now change the refractive index of the
top-cladding to a value of n = 1.575 (by using a mixture of Epocore and Epoclad) we
obtain a single mode waveguide for 5 µmx5 µm with an neff ≈ 1.5784. The single mode
operation is maintained if the refractive index of the mix of the core and cladding polymer
versions is 1.578 leading to an neff ≈ 1.5785 but for slightly higher values (e.g. 1.579)
of nc, neff < 1.579 and the mode is no longer confined but leaks into the upper-cladding
(see eq. 2.11).
Analogously, for an Ormocer®-based waveguide using Ormocore (n = 1.54) and Ormo-
clad (n = 1.525) with square profile, the single mode condition is 2.8 µm. When the
top cladding is a mix with a refractive index between 1.534 and 1.537, a waveguide of
5 µmx5 µm is single mode with neff ≈ 1.5372 and neff ≈ 1.5374 respectively.
A hybrid waveguide combining two different polymer chemistries can also be considered.
A waveguide with a core made of Epocore (n = 1.581), an under-cladding made of
Ormoclad (n = 1.525) and a top-cladding using an Epocore-Epoclad mix with a refractive
index between 1.574 and 1.578 will lead to single mode behavior for a cross section of
5 µmx5 µm.
In Fig. 4.11, the mode profiles corresponding to the described hybrid configuration using
Ormocer® and epoxy are shown. The figure illustrates the electric field intensity distri-











Figure 4.11: Simulated electric field intensity mode profiles at 850 nm wavelength using
Lumerical. The under-cladding is Ormoclad (n = 1.525), the core Epocore (n = 1.581)
and the top-cladding a mix of Epocore and Epoclad with a refractive index of (a)
n = 1.574 and (b) n = 1.578.
mode towards the cladding with higher refractive index. The case with a top-cladding
refractive index of 1.578 (Fig. 4.11b), which corresponds with a propagating mode with
neff ≈ 1.578 (which is almost in cutoff), is associated with a profile that highly penetrates
in the top cladding. The modes of the Ormocer®-based and Epoxy-based asymmetric
waveguides have an analogous behavior.
The refractive index tuning of the top-cladding requires precise optimization, since a small
variation could lead to leaking of the mode. Therefore, we decided to first test the rosette
principle with symmetric waveguides using a large bend radius of ≈ 5 mm to reduce the
bending losses (estimated through simulations to be around 0.5 dB cm−1). The polymer
selected for the first demonstrator was Ormocer®. The choice was made considering the
lower optical losses (see Sec. 2.9) and higher sensitivity with respect to epoxy waveguides.
A combination of refractive indexes of n = 1.54 (Ormocore) and n = 1.5325 (mix 1:1
ratio of Ormocore and Ormoclad) was selected, which gives a SM condition of 3.8 µm
for a square profile. The initial tests for embedding of Ormocer®indicated that it was
more difficult to embed compared with the other polymers that were tested. Therefore,
we decided to perform the characterization of multi-axial strain sensing with a surface-
mounted rosette sensor foil. Thus we choose a polymer (PET foil) as substrate, which
allows higher elongations and which is more compatible with the mechanical properties
of the composite material than glass or silicon. Nevertheless, in order to characterize the
fabrication in a faster and easier way, the sensors on silicon substrates (easier to cleave and









4.3 Multi-axial strain operating at 850nm 131
Figure 4.12: Simulated electric field intensity mode profiles at 850 nm wavelength of 3 µm
thick waveguide cores. The simulations were performed using Lumerical (Mode
Solutions). The cladding is a mix of Ormocore and Ormoclad (n=1.5325) and the core
Ormocore (n=1.54). The number on the profile indicates the core width in microns. The
corresponding MFD are shown in Tab. 4.1.
At the time of processing, our DLW system did not allowed for inscription of bends
with sufficient sidewall smoothness due to issues with control of the stages. Therefore,
mask lithography was selected for the fabrication of rosette waveguide master molds for
subsequent transfer of the structures to the optical polymers via imprinting. The designed
configuration is schematized in Fig. 4.13. It consist of an array of waveguides containing
two bends and three straight regions in which the Bragg gratings are located. Five different
waveguide widths were include in the design 2 µm (A1), 3 µm (A2), 4 µm (A3), 5 µm (A4)
and 6 µm (A5) corresponding to five waveguide arrays (A1-A5), consisting in to sets of
waveguides one without and one with reservoirs of 15 µm width.
The mode profiles of the first (fundamental) mode for waveguides with a core thickness
of 3 µm and with the different considered widths (ncore = 1.54 and ncladd = 1.5325) are
plotted in Fig. 4.12. From these mode profiles the MFD was obtained and the results are










Table 4.1: Obtained mode field diameters Dx and Dy of waveguides of 3 µm core
thickness and several widths.
MFD/WG width 1 µm 2 µm 3 µm 4 µm 5 µm 6 µm
Dx (µm) 9.13 4.98 4.67 4.98 5.50 6.10
Dy (µm) 9.47 5.36 4.67 4.44 4.34 4.29
Figure 4.13: Schematic showing a rosette.
Grating Rosette
At the time of the fabrication of the samples, grating inscription via e-beam became
available. Thus we used this equipment to fabricate grating master molds that contain
three gratings with pitches of 290 nm (V=vertical), 285 nm (D=diagonal) and 280 nm
(H=horizontal) in a (45°) rosette configuration (see Fig. 4.13). In addition to the functional
gratings (whose pitch is too small to be easily seen under microscope), gratings with
double period were inscribed in order to use them as aligning structures. The aligning
marks consisted of a line just beside the Bragg reflectors and standard aligning crosses.
It should be noted that typical aligning marks (relying on the detection of a change in
intensity) were very difficult to see due to the low RIC. However, grating structures scatter
the white light and therefore the detection of the aligning marks relies on a change in color,
thus overcoming the problem. In order to ensure enough reflectivity, the grating length
was first chosen to be 1 cm. As the e-beam inscription process is rather slow, the width of
the gratings was initially limited to ≈ 0.5 mm (which is also the width which fits in one
illumination field). This reduced considerably the tolerance to misalignment, which made
manual aligning during imprinting with respect to the waveguides very challenging. In
addition, the grating width only allows the imprinting of a few waveguide arrays. In order
to ensure repeatability on the aligning process, the grating imprinting on the waveguide
core (on predefined waveguide grooves in the under-cladding) was initially performed on
an aligner (EVG-620) with imprinting capabilities. This equipment is not compatible with
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manual approach. In addition, only room-temperature imprints are possible. In addition
to the higher sensitivity and lower optical losses, Ormocer®was chosen as it allowed
imprinting at room temperature.
However, motivated by the spectra obtained from samples of the first fabrication runs
(indicating an excessive grating length, see Fig. 4.23b) and the simulations presented
in Fig. 2.23, we decided to change the dimensions of the gratings to 0.5 cm × 0.5 cm.
Note that the simulations do not exactly correspond with the geometry of the fabricated
waveguides and other parameters such as the fabricated grating depth can differ from
the design, therefore they should be considered as an indication. Shorter lengths are
sufficient to obtain a reflectivity very close to R = 1, furthermore, as will be shown later,
longer gratings can lead to undesired effects. In addition, a reduction in the grating length
allows the fabrication of wider gratings (with e-beam) without increasing substantially
the fabrication time. An increase in width increases the aligning tolerances and enables
manual replication of the grating.
4.3.2. Fabrication flow
The fabrication of the sensors was done using imprinting technology, which was described
in Ch. 3 and shown schematically in Fig. 3.4.
Master mold
The grating master mold was fabricated on a PMMA layer (950-PMMA, A3 version)
with a thickness of ≈ 100 nm. This layer was spin coated for 45 s at 3000 rpm and
then soft-baked for 60 s at 180 ◦C. The e-beam illumination of the grating grooves was
done using a dose of 350 µC cm−2. The maximum dimensions of the writing-field in our
equipment are 500 µm × 500 µm. Thus, it was necessary to stitch the grating design
several times in order to fabricate longer gratings. As a result of the stitching process
mismatches between two writing-fields are created due to misalignment, which leads to
artifacts in the fabricated gratings [31, 32]. These artifacts appear as greater dimensions
of the grating periods located in the boundary between two illumination fields. After
illumination, the sample was developed for 30 s in a mix of MIBK developer and IPA in a
1 : 3 ratio followed by a 30 s rinsing step in IPA.
The waveguide master mold was fabricated using Epocore on a Si wafer substrate using
a mask lithography aligner in contact operation mode. A layer of Epocore 2 (a diluted
version of Epocore) was spinned for 30 s at 2000 rpm to achieve a thickness of 3 µm and
then baked for 2 min at 50 ◦C and 4 min at 90 ◦C. After the soft bake, the sample was
illuminated through the mask with a dose of 300 mJ cm−2 and post-exposure baked for
2 min at 50 ◦C and 4 min at 85 ◦C. After cooling down, the sample was developed for 50 s
in Mr-Dev-600 developer and rinsed in IPA. The hard bake was performed in a convection











The waveguide master mold was replicated in an MD40 flexible stamp using the process-
flow described in Sec. 3.4.2 and shown schematically in Fig. 3.10.
The working stamp with the grating rosette was first replicated from the PMMA master
mold by using a glass substrate as a carrier. First the 15 cm circular glass carrier was
spin-coated with a thin layer of adhesion promoter and the PMMA master mold was also
spin coated with an antisticking layer (ASL). Then, MD40 polymer mix in a ratio of
1 : 0.02 with Irgacure photoinitiator was poured on the PMMA master mold. In order to
avoid bubbles, it is helpful to slightly bend the glass carrier when bringing it in contact
with the carrier and with the polymer. The initial contact between carrier and polymer
should happen in a certain region (e.g. in the center) and then propagate to uniformly cover
the whole substrate. The mold releasing from the master mold must be done carefully by
detachment it at the edges and slowly propagating the release front along the whole surface
without applying too much stress in the glass carrier.
Alternatively, flexible stamps were fabricated according with the same process flow as
described in Fig. 3.10.
Imprinting
The waveguide working stamp was used to imprint the under-cladding layer, which
consisted of a mixture of Ormocore and Ormoclad in a 1:1 ratio with the goal of achieving
a refractive index of 1.5325. This mix was spinned for 30 s at 3000 rpm and baked for
5 min at 90 ◦C. The imprinting process was done manually at room temperature using a
roller. After illumination of the sample for 10 s at 30 mW cm−2, a post-exposure baking
step was performed for 5 min at 90 ◦C. Finally, the mold was released and the patterned
sample was hard-baked for 90 min at 120 ◦C.
A dilution of Ormocore 1 : 3 ma T 1050 was then spinned on the substrates and baked
using the same parameters as the under-cladding. Initially, the imprinting of the cores
was performed using the automated mask alignment system (EVG 620) by aligning the
grating structures with the desired waveguides. After applying vacuum (≈ 500 mbar) and
pressure (low) the sample was illuminated with a dose of 400 mJ cm−2. After releasing
the mold from the cured polymer, the sample was post-exposure baked for 5 min at 90 ◦C.
The top cladding was then processed using the same parameters as the under-cladding.
After processing, the samples were cleaved using a semi-manual cleaving system (Karl
Suss Scriber)4.
In the manual approach, the imprinting of the cores was performed analogous as described
in Sec. 3.4.3.
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4.3.3. Characterization
The samples of the first run (imprinted on the EVG aligner) were characterized in terms of
imprinting quality and spectrum. The quality of imprinting was evaluated by microscope
inspection, in order to detect defects such as bubbles in the cores or non-imprinted regions.
In addition, the fidelity of the replication process was inspected by comparing the profiles
(obtained with a Wyko profilometer) of the master mold, working stamp and imprinted
under-claddings. The cross-sections were analyzed using a microscope and a camera-based
near-field beam profiler (NFBP) which provides images of the intensity distribution in the
near-field of the waveguide cross-section. The NFBP was acquired from Ophir Photonics
(SP90291, C-NFP) with a 40x magnification objective (NA=0.65). The associated camera
is a standard silicon array of 1600 x 1200 pixels on 4.4 µm pitch. The dynamic wavelength
measurement range thus is from 190 nm to 1100 nm, which allows to obtain profiles at
visible and near-IR wavelengths. The quality of the fabricated structures was also inspected
using a Wyko®NT3300 optical profiler. The measurements with Wyko allow to compare
the different replication steps.
The spectra acquisition was performed using an OSA (Agilent 86142B). The interrogation
source was a SLED (EXS8410-8411 from EXALOS AG) connected to an (HP780 from
Thorlabs) optical fiber through a circulator.
The manually imprinted samples were first inspected in terms of quality (imprinting results
and spectrum) and afterward tested for multi-axial strain sensing. The spectra acquisition
and peak tracking of the manually imprinted samples was performed with a compact
spectrometer from Ocean Optics (USB2000).
In order to test the sensing performance of the manually fabricated rosette sample, it was
first diced with a DAD 322 Disco Automatic wafer dicer and subsequently pig-tailed to
an optical fiber using a dedicated connector. After pigtailing, the sample was glued to a
dogbone Aluminum specimen 40.05 mm wide and 2.00 mm thick using a cyanoacrylate
glue (Z70 from HBM (Hottinger Baldwin Messtechnik)). The sample was oriented leading
the connector out of the specimen, resulting in the ’H’ grating (Λ = 280 nm) being
oriented along the loading axis. The tensile test was performed analogously as described
in Sec. 4.2.1 at 0.05 mm min−1 .
4.3.4. Results
Master mold
The master molds containing the grating rosette were successfully fabricated. However,
despite showing a good homogeneity and quality over the pitches inside a single write-field
of the e-beam, non-desired discontinuities were present at the stitching location between
two write-fields.
Fig. 4.14 shows the ’D’ grating and the associated alignment grating of the fabricated
master mold. In the figure, the write-field of the e-beam is indicated.
The master mold for the waveguides was transferred from the mask to the epoxy layer.










Figure 4.14: Left: Microscope picture of the fabricated 1 mm long gratings. Right: Detail
of the structure showing the two different fabricated gratings (functional and aligning
marks).
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Figure 4.16: (a) Profile of array A5 in the fabricated master mold. (b) Colormap and
profile of a section of the mold corresponding to a valley of the master mold showing the
associated surface roughness.
smoothness of the used lithographic mask. This roughness was specially noticeable in
the bend regions and in the thinner trenches. Fig. 4.15 shows microscope images of a
region of the master mold corresponding to the measured array (array A5) showing the
associated roughness, which was relatively low compared to the roughness of the arrays
containing the thinner waveguides (arrays A1 and A2). It should be noted that the widths
of the grooves are ≈ 1 µm thinner than in the design. This fact was expected and taken in
consideration while designing.
In Fig. 4.16, the profile of a segment of array A5 in the fabricated master mold is shown.
This figure also includes the colormap (center) and profile (right) from a section cor-
responding to a valley. The surface associated to the detailed area (with dimensions
13 µm × 476 µm) was found to have Rq = 11.76 nm. This measurement, together with
the Wyko images gives an indication that polymerization occurred between the desired
illuminated areas. Thus, the subsequent replication steps will transfer the surface roughness
of this polymer layer instead of the flatness of the Si wafer. We should note, however,
that the available measurements were obtained using the VSI (Vertical Shift Interference)
mode, with a resolution of ≈ 6 nm, instead of the PSI (Phase Shift Interference) with
a resolution of ≈ 0.3 nm. Therefore, the given Rq does not correspond with the value
of the roughness. Nevertheless, this Rq value can be used to compare with the results










Figure 4.17: (a) Cross-section and (b) profile of the fabricated working stamp. (c)
Colormap of a section of the stamp corresponding to the top surface of a waveguide of
array A5.
measured width of ≈ 3.0 µm and a thickness of ≈ 2.2 µm.
Working stamp
An MD40-based working stamp was also inspected in order to compare it with the master
mold. In Fig. 4.17, the profile of a segment of array A5 in the fabricated working stamp
can be seen, corresponding to the inverse of the master mold profile (shown in Fig. 4.16).
The height and width of the working stamp ridges were measured in the image to be
3.18 µm × 3.18 µm. These dimensions are matching with the dimensions obtained with
the Wyko measurements (≈ 3.0 µm width and ≈ 3.0 µm height) but contrast with the
measured thickness on the master mold (which was found to be 1 µm lower). This is
possibly due to the spacial differences in the spin-coated thickness over the substrate area
and the fact that the profiles of master mold and working stamp were acquired at different
locations. In Fig. 4.17, the colormap and profile of a section of the top surface of the
working stamp (valley of the master mold) is also included. The (VSI) surface of this area
(with dimensions 13 µm × 474 µm was found to have an Rq = 16.63 nm. If we compare
with the measurements performed on the master mold (Fig. 4.16) we can confirm that
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Figure 4.18: Right: Correctly imprinted ’D’ (diagonal) grating on the Ormocer®core layer
fabricated using the manual approach. Left: Defects of a sample fabricated using the
aligner at the location of the ’H’ (horizontal) grating.
roughness of the top surface of a waveguide from the array A6 in the working stamp was
measured (in an area of 12 µm × 478 µm) resulting in a value of Rq = 2.14 nm.
Imprinting
The under-claddings were found to be defect-free over the complete length. The cores
of the samples imprinted using the aligner were well imprinted in the majority of the
waveguide length, however some waveguide channels were not filled in certain areas. One
of the samples presented a non-filled region on one of the waveguide arrays connecting
two gratings and the other in a grating region (see 4.18, left). As none of the fabricated
samples resulted in a functional rosette and due to time constraints, practical and logistic
considerations, the manual approach was used from here on.
The cores of the manually imprinted samples were found to be defect-free. In the image
at the right on Fig. 4.18, a detail of the imprinted cores is shown. In this image we can
see darker regions corresponding to the imprinted grating. The defects are only in the
channels designed as reservoirs (expected behaviour). In Fig. 4.19, a picture illustrating
the successfully fabricated rosette is shown. In this picture we can appreciate how the
”V” grating is stronger than the other two. This effect was also present in the master
mold. In Fig. 4.20, cross sections corresponding to array A5 from a sample fabricated
using the aligner are shown. In the same figure the images obtained with Wyko show the
imprinted under-cladding. The measurements of the core groove dimensions were found
to be compatible with ≈ 3.0 µm × 3.0 µm which is in agreement with the dimensions
measured using the microscope (≈ 3.5 µm × 3.5 µm). We should note that the images of
the cross section were taken under diascopic illumination and therefore correspond to the
image of the light profile which is greater than the core dimensions. The (VSI) surface










Figure 4.19: Picture of the rosette fabricated using the manual approach.
to be Rq = 19.91 nm which is slightly greater but comparable to the roughness of the
working stamp surface.
The cross-section and near-field profiles of the fabricated waveguides can be seen in figure
4.21. The cross-sections show rectangular core profiles which indicates that the slab
thickness is either very thin or absent. The obtained near-field profiles were measured at
850 nm and displayed together with the corresponding cross-sectional views. From the
acquired data it is possible to obtain the mode field diameter and check the single mode
condition. In Fig. 4.22 (left), a comparison of the near-field profile at 650 nm (top) and
850 nm (bottom) of waveguides from the array in which a Bragg reflector was imprinted
is presented. When the in-coupling fiber is far from the cross-section of the sample,
several waveguides are excited. The relative position between the fiber and the waveguide
determines the angle with which the waveguide is excited (see sec. 2.3.3). We can see
how at λ = 650 nm, the waveguides excited under large angles show a typical profile
from higher order modes while when exciting with λ = 850 nm, these profiles were not
found. This indicates that at λ = 850 nm (the wavelength of interest) the waveguide is
single-mode. None of the analyzed waveguides showed presence of light in the residual
layer. In Fig. 4.21, the near-field beam profile data from the waveguide is plotted using
MATLab. The views of the intensity profiles along the horizontal and vertical axes are
presented together with the intensity color-map used to calculate the mode field diameter.
The MFD is estimated as the 4-sigma value of the intensity distribution considering the
pixel size of the camera (4.4 µm) and a magnification of 40. With these parameters, the
obtained MFD is 4.3 µm on the horizontal axis and 4.07 µm in the vertical axis. This MFD
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Figure 4.20: (a) Cross section of waveguides of array A5 from fabricated sample. (b)
Profile of waveguides from array A5 in a imprinted cladding and (c) color map (right) of a
detail of one the grooves from the same array.
Figure 4.21: From left to right: near-field profiles of a waveguide of the A1, A3, A5, A7










Figure 4.22: Left: Comparison of the mode field diameter at 650nm (top) and 850nm
(bottom). Right: Mode profile corresponding to a waveguide of the measured A5 array.
This profile was used to obtain the MFD of the waveguide mode.
4.3.5. Sensor operation
The reflected spectrum of one of the samples fabricated with the aligner, which resulted in
a rosette with two functional gratings (’D’ and ’V’) is presented in Fig. 4.23a. The peak
corresponding to the ’V’ grating, the closest to the in-coupling position, was found to have a
peak reflectivity close to 30%. The ’D’ grating, situated after a 45° bend and 7 mm straight
waveguide length resulted in a peak reflectivity close to 20%. This reflectivity includes
the coupling, propagation and bend losses. In one of the samples, the misalignment
of the grating axes with the waveguide direction led to waveguides overlapping with
different grating lengths. Fig. 4.23b illustrates the change in the peak characteristics due to
these differences. The spectra corresponding to grating lengths of approximately 10 mm
and 3.25 mm are shown. The wavelength resolution of the spectrometer was ≈ 50 pm.
Although this was not a controlled experiment, we can observe that gratings with shorter
lengths provide better spectra. Although the Bragg peak is expected to become narrower
with an increased length (see Sec. 2.8.2), other effects become more noticeable as well. For
example, on one hand it is expected that the side lobes increase their reflectivity with the
increase in length and on the other hand imperfections such as phase shifts (due to stitching
errors of the e-beam) will lead to distortion of the spectrum (see Fig. 2.24). Therefore, as
the grating length increases, the influence of fabrication imperfections is also expected to
increase (see Fig. 2.25). These results support the hypothesis that the optimum grating
length should be shorter than the initially considered value.
The reflected spectrum corresponding to the sample fabricated using the manual approach
(acquired with Ocean Optics spectrometer USB2000) can be seen in Fig. 4.24a
The losses caused by the propagation and bends will result in a decreased reflectivity for
gratings more distant from the in-coupling position, this reduction should be approximately
the same between ’V’ and ’D’ and between ’D’ and ’H’. However, as we can see, the peak
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Figure 4.23: (a) Measured reflected spectrum corresponding to a waveguide form array
A5. The peaks correspond to the vertical (V) and diagonal (D) gratings. The vertical
grating is closer to the in-coupling position. The horizontal (H) grating was not accessible,
thus, gave no signal. (b) Measured reflected spectra corresponding with different grating
lengths.


















































spectrum compared to the other two. This was expected considering the stronger reflection
that was visually appreciated after imprinting (see Fig. 4.19). The Bragg peaks were found
to be at the following wavelengths:
λVBragg (nm) ≈ 900.1 nm
λDBragg (nm) ≈ 885.5 nm
λHBragg (nm) ≈ 870.8 nm
In Fig. 4.24b the results of the tensile test described above are shown. It can be noticed
how the narrower and more intense Bragg peak provided by the ’V’ grating led to less
noisy data.
The results of the linear fits corresponding to the ’H’ (direction of the applied force) and
’V’ are summarized below:
λHBragg (nm) = 0.85 · 10−3 (nm/µε) × ε (µε) + 0.01 (nm)
λVBragg (nm) = −0.14 · 10−3 (nm/µε) × ε (µε) + 0.02 (nm)
If we compare the sensitivity of 0.85 pm/µε provided by the ’H’ grating at 870 nm with the
sensitivity of 1.41 pm/µε obtained for Ormocore/Ormoclad sensors at 1540 nm (Fig. 4.6b)
we can see that the sensitivity is 1.66 times lower, which is in good agreement with the
wavelength reduction factor (1.77).
The strain sensitivities provided by the ’H’ and ’V’ gratings are related through the
Poisson’s ratio ν = −εx/εy (where ŷ is the load axis):







However, the Poisson’s ratio of aluminum is roughly double of the value obtained through
the measurements, which means that the ’V’ grating is showing less compression than it
should in ideal conditions. This deviation from the expected values could be attributed e.g.
to sensors which are less sensitive in compression than in extension. Another explanation
could be that the thin specimen not only experienced uni-axial load but also bending
along the load axis. In this last case, the ’V’ grating could be experiencing the combined
effect of the compression due to the Poisson’s ratio and an extension due to the bending,
resulting in a smaller compression than expected for a pure uni-axial test. In order to verify
that the sensitivity of our sensors is the same in extension and compression bending tests
were performed in both configurations, which indeed led to the same strain sensitivities.
Therefore we think that the mismatch in the obtained Poisson’s ratio value is probably
due to the non ideal testing condition i.e. a too thin specimen. New tests with thicker
specimens are planned to confirm this.
In addition to the tensile test, a preliminary temperature test was performed. The ’V’ Bragg
peak was recorded from 15 ◦C to 40 ◦C every 5 ◦C after stabilizing, resulting in a quadratic
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sensors fabricated on an FR4 substrate. The reason for this is not yet clear, but we should
note that the rosette sensor was glued on the aluminum specimen, which will have an
influence on the sensor performance e.g. the bend due to mismatch in CTE could be
noticeable. However, if we force a linear fit to the obtained data we obtain a sensitivity of
123 pm ◦C−1, which is also in agreement with the obtained value 250 pm ◦C−1 from the
previous test at 1540 nm (see Fig. 4.7).
4.4. Few modes WG: decoupling temperature and
strain
The existence of cross-sensitivity for strain and temperature calls for techniques which
can decouple both parameters. Ideally, the discrimination should be implemented in
a single sensor, be minimally intrusive and allow high accuracy. The use of planar
polymer waveguides allows a high tunability (see Sec. 2.9) of the Bragg sensor response,
which is potentially promising for improving the state-of-the-art in temperature and strain
discrimination.
In the framework of this thesis, we wanted to explore the combination of two optical
polymers, i.e. Ormoclad and Epoxy (Epocore and mr-LDW) with different thermo-optic
coefficients, with the goal to investigate the effect on the sensitivity to temperature and
strain in a few-modes waveguide configuration. With an increase in temperature, the
refractive indexes of both polymers will decrease, with the decrease of Ormoclad [33]
being more pronounced, thus, leading to an increase in refractive index contrast.
4.4.1. Design
In order to maximize the difference between the sensitivity of the different modes, we
selected the optical polymers that have the largest difference in thermo-optic coefficients.
In this way, the contrast between core and cladding will increase more with the change in
temperature, thus, leading to greater changes in the neff of the modes. Let us consider
a waveguide with dimensions 3 µm x 4 µm with a core refractive index n1 = 1.573 (for
mr-LDW) and a cladding refractive index n2 = 1.519 (for Ormoclad). If we now assume
the thermo-optic coefficients to be respectively −5.10−5K−1 (approximately the values
provided in a datasheet) and −2.10−4K−1, we can obtain the refractive indexes of core
and cladding for different temperature variations and obtain the thermal sensitivity due
to the thermo-optic effect. The structure was simulated at five different temperatures
using a open source solver [34], obtaining the results shown in Fig. 4.25. From the linear
fits for the three waveguide guided modes we obtained sensitivities of 66 pm ◦C−1 (first
mode), 87 pm ◦C−1 (second mode) and 108 pm ◦C−1. These results indicate that it is
possible to obtain differences in sensitivity to temperature of 66% using a waveguide that
combines Ormocer®and epoxy polymers, which is very promising when compared with










Figure 4.25: Simulated sensitivities to temperature for different modes of a 3 µm x 4 µm
waveguide with values of the thermo-optic coefficients of −5.10−5 for the core and
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4.4.2. Fabrication flow
When working with the combination of polymers of different chemistry, the interaction
between them potentially leads to problems such as bad adhesion or curing inhibition.
Samples were fabricated using the inverse-rib approach described before in order to
minimize adhesion problems that could lead to detachment of the cores from the under-
cladding. Although working samples were fabricated, we should note that the process-flow
(including the array design) is not optimum yet and several waveguides had defects (mainly
non-filled regions) which makes them useless for sensing. However, as was mentioned
before, the current fabrication approach, even with non-optimized processing, allows for
obtaining a sufficient number of good waveguides in the array to perform the tests.
Two samples were prepared with a different material for the core fabrication: sample 1 (s1)
used an Epocore (Epocore 2 version) core, while sample 2 (s2) used an mr-LDW (1XP
version) core. The claddings were fabricated in both cases using Ormoclad.
The under-claddings were spin-coated at 3000 rpm on top of a 1/4 of a Si wafer and
soft-baked on a hot plate for 5 minutes at 90 ◦C. Then, an MD40 stamp containing an
array of waveguides with a thickness of 3 µm and several widths was rolled on top of the
cladding layer. The UV-illumination was performed for 10 s at 30 mW cm−1. After the
mold release, a post-baking step was performed on the hot plate using the same parameters
as the soft bake. Subsequently, the sample was hard-baked 1.5 hours at 120 ◦C.
The waveguide cores were fabricated by first spin-coating a layer of the optical epoxy
polymer Epocore 2 (s1) or mr-LDW 1XP (s2) for 30 s at 3000 rpm. Afterwards a soft
bake step was performed first 2 min at 50 ◦C and 4 min at 90 ◦C. As a next step, a
mold containing a 505 nm pitch grating was rolled on top of the sample. The rolling
process was performed on the hot-plate at 90 ◦C, while manually aligning the grating
lines perpendicular to the waveguides direction. The sample was then cured for 20 s at
30 mW cm−1. We noticed that even when the grating lines are patterned and the epoxy
polymer seems to be sufficiently cured, reflow can happen when performing post-baking
steps, therefore we UV-cured longer times to avoid the reflowing of the gratings.
After illumination, the sample was post-exposure baked using the same parameters used
for the soft bake and a hard baked performed in the oven analogous to the hard bake of
the under-cladding. A top-cladding layer was applied following the same steps as in the
fabrication of the under-cladding but using a flat stamp (to avoid the oxygen inhibition).
Note that before the deposition of every layer a plasma treatment was performed in order
to improve the adhesion between layers. After fabrication, s1 was pigtailed to an optical
fiber using a dedicated connector.
4.4.3. Characterization
The fabrication of the core led to very different results in terms of quality. Some arrays
resulted in a good quality imprint (Fig. 4.26), while others presented areas without core
layer or waveguide cores containing air bubbles. The quality of the spin-coated core layer










Figure 4.26: Microscope images from the waveguide array of sample 2 used to
characterize the thermal behavior. The images were taken after the fabrication of the core.
prepolymer, which varies with the topology of the first one. Thus, different designs in
the patterned under-cladding resulted in very different results. In terms of alignment, the
geometrical angle between the grating lines and the waveguides was measured to be 90.3°
confirming the good alignment than can be achieved manually.
A waveguide (with a cross-sectional dimension of 3 µm × 4 µm) from the array shown in
Fig. 4.27 (from sample s2) was chosen. In Fig. 4.26 we can see how the different chemistry
of both polymers led to more imperfections than in samples fabricated using different
versions of the same polymer. The cores of this array are in general bubble-free, which
allows for characterization of the Bragg spectrum. However, in the cross-section shown
in Fig. 4.28, we can observe that not all the cores possess the designed dimensions. The
origin of these deviations is probably due to defects on the waveguide master mold, which
was found to have waveguides with a height lower than the spin-coated layer, furthermore,
the height profile of these waveguides was not uniform. We believe that those defects are
due to a problem during the illumination in the LDW equipment, which was providing
non-ideal and non-repeatable results at the time of the fabrication of the samples.
Despite all these inconveniences and the availability of only two samples, several waveg-
uides (see Fig. 4.26) were found to have a good cross-section with a rectangular profile
and thin residual layer offering a spectrum with clearly distinguishable peaks usable to test
the principle of temperature and strain decoupling.
In Fig. 4.29, we can see the profile of three different waveguides (of s2) when excited with
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Figure 4.27: Cross-sectional microscope images from the waveguide array of s2 used to
perform the temperature tests. The images were taken under episcopic (a) and diascopic
(b) using a 100x magnification objective.
(a) (b)
Figure 4.28: Cross-sectional microscope images from the waveguide array of s2 used to











Figure 4.29: Near-field profile corresponding to the array used to perform the temperature
test (s2). The waveguide was excited with a red laser.
rib waveguide profile, thus, potentially guiding more modes than those corresponding to a
rectangular waveguide. In addition, higher losses are expected.
To characterize the thermal behavior, the samples were mounted on a temperature con-
trolled sample stage (Physitemp TS-4) which allows a precise temperature control of small
samples (≈ 20 mm x 20 mm) using Peltier elements. The temperature can be variated
from −20 ◦C to 100 ◦C in steps of 0.1 ◦C. The used temperature interval was from 15 ◦C
to 75 ◦C. The light was coupled from an SMF-28®optical fiber using a precision stage.
The spectra and peak positions were recorded every 5 ◦C after stabilization using a FBG
interrogator.
Due to time constraints which prevented us from further processing samples to be tested
in suitable conditions, we performed very preliminary cantilever beam bending test using
available components for the setup.
First, a 5 mm resistive strain gauge (632-180 from RS components) was glued to s1 (using
a thin layer of epoxy) on top of the grating and close to the pigtailed waveguide array in
order to monitor strain. The sample was then clamped to a stage using metallic optical
post holder base. In order to protect the wafer from breaking, PMMA blocks were added
between the metal clamps and the sample. The sample bending was performed with a
wide metallic cantilever attached to a controlled vertical translation stage. A PMMA block
was also added between the sample and the cantilever. The strain gauge was monitored
in four-wire configuration with a Keithley 2400 SourceMeter. The data (resistance and
wavelength peaks) was recorded manually after every displacement of the stage.
4.4.4. Results
Temperature test
During the temperature tests, the spectra of the samples were recorded after the stabilization
of the temperature. In Fig. 4.30 the spectra acquired at 25 ◦C are presented. Despite initially
both samples presented similar reflectivities, it should be noted here that s1 was first pre-
tested for temperature sensitivity and it is possible that damaged was incurred during the
process, leading to a much lower reflectivity than s2.
The response of the spectrum to temperature changes for s2 can be summarized in Fig. 4.31.
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Figure 4.30: Reflection spectrum of samples s1 (a) and s2 (b). The integration time for s1
and s2 were respectively 10 000 ms and 700 ms.
before, it is expected that with an increase of temperature, the number of modes may
increase. In addition, the neff of the higher order modes will decrease. As the light is
coupled from a fiber with a lower numerical aperture (NA = 0.14) than the waveguides,
this will impose a limit on the neff of the modes that can be coupled, thus modes with
larger angles may not be excited anymore under the same in-coupling conditions (see
Sec. 2.3.3).
In Fig. 4.32b, the datapoints and linear fits for four different peaks of sample 2 (λis2)
are shown. Note that when the intensity of the peaks is below a threshold, the peak is
not tracked by the FBG interrogator any longer. The linear fits of the data results in the
following relations:
λ1s2 (nm) = −0.1346 (nm/◦C)× T (◦C) + 1569.4 (nm)
λ2s2 (nm) = −0.1667 (nm/◦C) × T (◦C) + 1557.5 (nm)
λ3s2 (nm) = −0.3081 (nm/◦C)× T (◦C) + 1552.2 (nm)
λ4s2 (nm) = −0.2559 (nm/◦C) × T (◦C) + 1542.7 (nm),
corresponding to relative sensitivities ∆λ/λB,0 of −86 ppm, −107 ppm, −247 ppm and
−166 ppm respectively. If we compare these results with the simulations, we can see that
there is a substantial discrepancy with the measured values being higher than the simulated
values. This discrepancy could indicate that the thermo-optic coefficient of the core is
higher than the considered value. We should consider that the thermo-optic coefficients
are typically measured on slab waveguides under certain processing conditions, thus, the
waveguide under consideration could posses a greater thermo-optic coefficient. Another
unexpected result is that the sensitivity of the mode λ3s2 is higher than the sensitivity of the








































Figure 4.31: Recorded spectra of s2 at different temperatures.
than the other ones and the position of the maximum is variable. Thus, it is possible that
several modes, which are very close in neff are interchanging power and the peak tracking
was not correct. The last modes (longer wavelength) provide the greatest sensitivity, which
is expected since modes close to the cutoff condition extend further into the cladding.
Nevertheless, considering the sensitivities of λ1s2 and λ
4
s2 we can see that it is possible to
achieve a difference in sensitivity of about 90% and this is in agreement with the simulated
values (see Fig. 4.25) even when they were based on a simplified model. This result is
a great improvement if we compare it with the 15% differences in sensitivity reported
in [10], which we used as benchmark.
The datapoints and fits for four tracked peaks (λis1) of s1 are shown in Fig. 4.32a. The
obtained relations are:
λ1s1 (nm) = −0.1349 (nm/◦C)× T (◦C) + 1580.7 (nm)
λ2s1 (nm) = −0.1365(nm/◦C) × T (◦C) + 1574.0 (nm)
λ3s1 (nm) = −0.1427 (nm/◦C)× T (◦C) + 1565.2 (nm)
λ4s1 (nm) = −0.1521 (nm/◦C) × T (◦C) + 1559.4 (nm),
which are in agreement with the previous values. Note that in this case the waveguides
were different and also the selected tracked modes (in-coupling conditions), thus, no
direct comparison mode-to-mode can be established with sample s2. In addition, the most
sensitive modes (highest guided orders) were most probably not excited or tracked.
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Figure 4.32: Datapoints and linear fit of the tracked peaks during the temperature tests.
Tensile test
As mentioned before, due to limitations in time and logistics, the tests were performed in
non-ideal conditions (e.g. the specimen was too short and had an irregular geometry) thus
the results should be interpreted qualitatively and as indications for the actual behaviour.
In a first test, the data was acquired intermediately after the stage displacement. After the
experiment, the wavelength of the recorded peaks were analyzed.
The tensile test offered the following results:
λ11 (nm) = 5.40 · 10−3 (nm/µε) × ε (µε) + 1578, 28 (nm)
λ12 (nm) = 7.59 · 10−3 (nm/µε) × ε (µε) + 1562.5 (nm)
λ13 (nm) = 6.525 · 10−3 (nm/µε) × ε (µε) + 1548.87 (nm)
During the test it was noticed that the strain values provided by the strain gauge were
varying with the time. Another test was performed using the same setup but performing
the data acquisition after waiting a couple of minutes, when the resistivity values where
not varying significantly any longer. The test resulted in the following:
λ21 (nm) = 8.11 · 10−3 (nm/µε) × ε (µε) + 1578.19 (nm)
λ22 (nm) = 6.08 · 10−3 (nm/µε) × ε (µε) + 1562.5 (nm)
λ23 (nm) = 7.67 · 10−3 (nm/µε) × ε (µε) + 1540.0 (nm)
λ24 (nm) = 18.58 · 10−3 (nm/µε) × ε (µε) + 1534.5 (nm)
The obtained sensitivity values are much higher than expected. The reason for this is
at the time being not clear but we should keep in mind that the tensile test were not










sufficiently accurate and thus the absolute sensitivities to strain were not obtained. However,
a comparison between the relative sensitivities of different modes could be established.
It is noticeable that a pure correlation between the mode order and the sensitivity is not
present. This could indicate that the geometry plays a more important role in the strain
sensitivity than in the temperature case. However, it is necessary to perform further tests in
more controllable conditions to draw conclusions about the modal sensing behaviour.
Nevertheless, although no hard conclusions can be drawn from these tests, they indicate
that differences in strain sensitivity of e.g. 40% (see λ11 and λ
1
2) can be achieved. These
differences are much higher than the benchmark [10] of 2%.
4.5. Conclusions
Polymer waveguide Bragg grating based sensors are interesting for physical sensing
applications not only because they have large values of the constants involved in sensing
but also owing to the high degree of tuning that they allow and the cost-effectiveness of
their production. Moreover the planar implementation of Bragg grating sensors bring
further capabilities to these sensors. They can easily be oriented and integrated within
optical circuits. A good example of an application in which polymer Bragg grating sensors
are very promising is structural health evaluation of (polymer-based) composite materials.
Different Bragg grating polymer sensors were fabricated and tested as candidates for
composite monitoring. First, the material compatibility for embedding was assessed using
dummy waveguide foils consisting of multi-mode Ormocer®-based, epoxy-based and
acrylate-based (LigthLink) waveguides. The cross-sections of the embedded samples were
analyzed and epoxy-based sensors were found to be the most compatible followed by the
acrylate-based sensors.
Ormocer®-based and Epoxy-based Bragg sensors were fabricated on a composite substrate
(FR4) and tested at telecom wavelengths for strain and temperature sensitivities. The tests
showed analogous behavior for strain monitoring, with a slightly higher sensitivity for
Ormocer® (≈ 1.4 pm/µε) (≈ 1.27 pm/µε for epoxy) and a high difference in temperature
sensitivities. Ormocer®-based sensors were found to have a temperature sensitivity of ≈
−250 pm ◦C−1 (≈ 90 pm ◦C−1 in the case of epoxy-based sensors) which is a remarkable
sensitivity to be considered for further applications.
Epoxy-based flexible Bragg grating sensors of three different thicknesses were fabricated
and released from the substrate to be embedded during an autoclave composite production
process. After embedding, specimens containing a Bragg grating sensor were diced and
prepared for tensile testing. The results of showed that a sensor thickness of ≈ 30 µm
results in a high deformation of the foil cross-section leading to difficulties in the sensor
characterization. The other two tested thicknesses (≈ 50 µm and ≈ 100 µm) were suitable
for pig-tailing and tensile characterization, resulting in slightly decreased sensitivities with
respect to when fabricated on top of a composite substrate (≈ 1 pm/µε for the ≈ 50 µm
sample and ≈ 0.8 pm/µε for ≈ 50 µm). In addition, one specimen was tested dynamically










be performed on a dedicated specimen in order to have more data, preliminary results
were promising. The frequency data provided by an accelerometer was reconstructed till
100 Hz from the peak tracking of a single Bragg grating indicating that the sensors could
be suitable for impact reconstruction.
In order to obtain multi-axial strain sensing, a rosette consisting of three Bragg gratings
oriented in a 45° configuration was designed, fabricated on a thin foil substrate using Ormo-
cer®and characterized to demonstrate the operation principle. The operation wavelength
was selected to be 850 nm in order to reduce the optical propagation losses and the price
of the potential sources and detectors that could be used for interrogation. First results
show Bragg reflectivities close to 30% and 20% depending on the grating. A functional
optical strain rosette was tested for multi-axial strain sensing. The rosette was glued on a
dogbone aluminum specimen in order to perform a uni-axial load test. The acquired data
demonstrated the capability of the rosette to monitor multi-axial strain. The sensitivity
of the grating along the load axis was found to be 0.85 pm/µε and the sensitivity of
the transversally oriented grating 0.14 pm/µε. The sensitivity of 0.85 pm/µε is in good
agreement with the value obtained in the previous test at λ = 850 nm (≈ 1.4 pm/µε).
Although the calculated Poisson’s ratio (0.165) does not correspond with that of aluminum,
we attribute this deviation to a possible bending of the specimen, which could counteract
the compression from the uni-axial load. Thus, despite further tests should be performed
to fully characterize the sensor behavior, we have demonstrated for the first time a planar
optical strain rosette. As compared with commercially available optical strain rosettes
using optical fibers the polymer waveguide foils are much thinner and does not require the
use of a holder to orient the gratings. Furthermore, our approach is roll-to-roll compatible
and thus potentially more cost-effective. In addition, the developed sensors have the
potential to be embedded in composites for SHM.
As the Bragg gratings are sensitive to temperature and strain, a method to differentiate
between the change of both magnitudes was tested. As different modes posses different
sensitivities, if a few-mode waveguide is used, it is possible to decouple the temperature and
strain shift contributions. Furthermore, imprinting technology is a promising technology
for fabrication of waveguides combining different chemistry polymers which represents an
interesting approach to maximize the sensitivity difference between two modes. Bragg
waveguide sensors composed of two polymers (Ormocer®-based and Epoxy-based) pos-
sessing different thermo-optic coefficient and supporting few modes were successfully
fabricated using imprinting technology. The response of several peaks of the hybrid sensors
were tested for strain and temperature sensitivity. These initial tests indicates that a great
difference in sensitivities to temperature can be achieved between different modes (around
90%) by using a few-modes polymer waveguide. These differences represent a good
improvement with respect to the benchmark of 15% [10]. Different modes were also found
to present different strain sensitivities, also indicating a improvement with respect to the
state-of-the-art. However, further test need to be performed with in a more reliable setup
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Health care is and has always been one of the most major human concerns, therefore
considerable effort is spent to solve health-related issues. Also, recent technological
advancements, particularly in the field of (point-of-care) diagnostic devices have revolu-
tionized medicine. Diagnosis is the first step to effective disease management, however
it is often challenging because of the non specificity of the existing signs and symptoms.
Diagnosis is commonly assessed by chemical, microscopic, microbiologic, immunologic,
or pathologic study of body fluids such as secretions, discharges, blood, or even tissue.
Typically, these tests are performed in dedicated centers and the biological samples have to
pass through a chain of steps before the results are available. In most of the cases, first
the sample is extracted from the patient, tagged and sent to the laboratory in which it is
queued until a certain number of samples of the same species is achieved in order to be
analyzed. This is because the tests are expensive and a large amount of samples need
to be processed at the same time to reduce costs. Then, the sample needs to be treated
with certain products (e.g. labels, dyes, reagents) before it is tested by specialized and
trained personnel. After the results are obtained, they have to be delivered to the doctor to
be interpreted. Therefore, this centralized testing process is costly, time-consuming and
inherently subjected to several sources of error. The high cost implies that the tests are not
available to everyone and at every place. Since many of these tests are time consuming,
the time required to obtain a result is an issue specially for patients with life-threatening
conditions. The centralization is an issue specially for some patients e.g. those with










an automated process, increases the chances of committing mistakes or losing samples.
For those reasons there is a trend towards testing at the point-of-care (PoC), which provides
testing at or near to the site of patient care. The characteristics that are required or
desirable for a device to be used at the POC can be summarized from the acronym
“ASSURED” provided by the World Health Organization (WHO) in 2003. “ASSURED”
was conceived as the ideal characteristics of a test that can be used at all levels of the
healthcare system: affordable, sensitive, specific, user-friendly, rapid and robust, equipment
free and deliverable to end-users [1]. In other words, an ideal Poc testing (PoCT) device
should not only be accurate but also fast, easy-to-use, cost-effective, compact and fully
integrated. Because of the relevance of the PoCT is easy to understand why is a growing
market [2]. The ideal requirements are demanding and there are a multitude of different
approaches aiming at developing a PoCT device with ideal characteristics. Furthermore,
the development of POCT devices together with the advances in molecular diagnostics,
paves the way to personalized medicine which ensures the delivery of the right treatment to
the right patient at the right time. In this regard POCT is very relevant for the detection of
protein biomarkers to diagnose cardiac diseases such as myocardial infarction and chronic
heart failure. Protein biomarkers are a subgroup of the so called biomarkers. Biomarkers
can be defined as “any substance, structure, or process that can be measured in the body or
its products and influence or predict the incidence of outcome or disease” [3]. Concerning
their origins, biomarkers are categorized as protein biomarkers, enzyme biomarkers, nucleic
acids-based biomarkers (DNA and RNA), small chemical products of cellular metabolism
or direct analysis of cells [4].
5.2. The NextDx case
Acute coronary syndromes (ACS) represent a range of heart disease in which the blood
supplied to the heart muscle is suddenly blocked (e.g. unstable angina, myocardial infarc-
tion (MI)). Symptomatic manifestations of the ACS are very diverse and non-universal and
some traditional tests are not fully reliable due to false negatives (e.g. electrocardiogram
(ECG) is non-diagnostic in about 50% of cases). Hence, biochemical markers and cardiac
enzymes are becoming the key element for the diagnosis of ACS diseases. Myocardial
damage will result in the release of biomarkers of myocardial necrosis into the circulation
system. Among the different cardiac biomarkers, troponins present advantages not only
in early diagnosis but also in risk assessment and therapeutic decision-making [5]. A
strong association between the troponin values and the risk for cardiac events has been
demonstrated in patients with coronary heart disease. In Fig. 5.1 a correlation between the
levels of the cardiac marker troponin-I (cTnI) and the mortality rate can be observed.
The recent availability of high-sensitivity troponin assays enables reliable detection of
troponin at concentrations that reflect the typical turnover of cardiac myocytes in healthy
individuals. The concentration of cTnI in healthy population has been determined to
be as low as ≈ 5 ng L−1 to ≈ 10 ng L−1. Nevertheless, following serial changes in









5.2 The NextDx case 161
Figure 5.1: Increasing mortality rates with the concentration of cardiac troponin-I.
measurements with a threshold level [6–8]. The control of the cTnI concentration evolution
is key for patient evaluation, patient management and decision making. However, as the
relevant concentrations of cTnI are in the nanogram-per-liter it is challenging to develop
sensor platforms not only with sufficient sensitivity (sub-nano-gram-per-liter) to monitor
the concentration evolution within hours but also to comply with the requirements for
POCT.
A new class of POCT devices is based on the use of magnetic nanoparticles as optical
contrast labels [9, 10]. Using magnetic nanoparticles has important advantages: they have
a large surface-to-volume ratio, are readily biofunctionalized and provide a large optical
contrast. Furthermore, bio-sensors typically require microfluidics to transport the analyte
to the sensing area. These microfluidics can be an inherent part of the sensor itself, which is
the case for liquid core waveguide sensors [11, 12], or can be added as a network of fluidic
channels on top of the sensor. As mentioned before, protein assays often involve several
steps such as sample delivery, reagent mixing, and washing resulting in relatively complex
microfluidics, expensive equipment and time-consuming processes [13]. As an alternative,
it is demonstrated that the use of magnetic nanoparticles reduces the assay complexity
and time significantly, since all required steps can be performed by applying magnetic
fields to control the movement of magnetic nanoparticles in the cartridge [9], especially in
combination with a surface-sensitive detection technique. Therefore, a simple capillary
channel may suffice when using magnetic nanoparticles, facilitating the integration towards
lab-on-chip biosensing.
The sensing concept presented in this chapter is framed in the european project ’NextDx’
[14]. The sensing concept is illustrated in Fig. 5.2. It is based on nanoparticles that are
magnetically actuated to capture target molecules from a sample fluid (1) and bind with
biological specificity to the sensor surface (2) in which an optical evanescent field (EF)










Figure 5.2: Representation of the NextDx concept. Functionalized nanoparticles are
magnetically actuated to first capture analyte (1) and then specifically bound to the
waveguide core (2). The non-specific bounded particles are afterwards removed from the
surface (3). Figure reproduced from [10].
waveguide surface (3), out of the EF. The surface-bound nanoparticles are then detected
through scattering of the evanescent field when interacting with the nanoparticles. The EF
is created by total internal reflection of light at the core-cladding interface of an optical
waveguide where the cladding is the sensing medium (See Fig. 5.2 and Fig. 5.3). When
using optical contrast labels in combination with polymers, the low RIC sensitivity issue
(see Sec. 1.4 and Sec. 2.4) can be overcome [15]. The magnetic NP labels are used to
enhance the optical signal produced by a binding process. The evanescent field is chosen
to illuminate the surface of the sensing area because it probes the near-vicinity of the
interface but its action does not extend to the bulk of the fluid, thus avoiding the interaction
with the non-bounded NP.
The waveguide-based chip has to be designed according to the target application as a
POCT sensor. Therefore, not only it has to provide a suitable illumination for the NP
but also should be compatible with cost-effective production processes and integrable to
be used as a disposable cartridge to be analyzed in a dedicated compact reader. For this
reason, polymer waveguides are a desirable choice for the EF excitation (see Sec. 1.5.3).
Waveguides and in-coupling structures can be implemented in a planar flexible substrate
which is compatible with roll-to-roll fabrication methods. Furthermore this approach, in
combination with the use of imprinting fabrication technologies results in a cost-effective
process flow (see Sec. 1.5.1 and Sec. 3.2.2).
5.3. NextDx polymer waveguide based sensor de-
sign
This section describes the waveguide based cartridge used in the proposed sensor and
elaborates on the parameters that influence its design and performance. A general analysis
is performed and applied to the particular case of an epoxy based (Epocore-Epoclad)
waveguide. The selection of this polymer will become clear in later sections. The polymers
used in this chapter, together with their main characteristics are listed in the Tab. 5.1.
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Table 5.1: Optical characteristics and chemical composition of the assessed optical
polymers.
n0, n1, n2 RI and RIC at Chemical Supplier
λ = 633 nm composition
Ormoclad 1518, 71.6, 19.0 1.537 0.014 Organic modified Micro Resist
Ormocore 1540, 71.2, 26.5 1.559 ceramic (Ormocer®) Technology
Epoclad 1556, 97.9, 0 1.599 0.005 Epoxy Micro Resist
Epocore 1573, 104.9, 0 1.590 Technology
LightLink™ 1471, 66.6, 0 1.488 0.024 Poly- MicroChem
XP-5202A silsesquioxane [16]
















Figure 5.3: Schematic view of the sensor cartridge consisting of a waveguide, incoupling
structures and detection region.
main parts, namely the incoupling, propagation and the detection regions. Gratings are
used to couple light into the waveguide core and light is then propagated towards the
detection region. In the detection region, the core is in direct contact with the assay fluid
which is serving as upper-cladding of the waveguide, thereby exposing the assay fluid
to the waveguide evanescent field allowing particle detection on the surface of the core.
During the development phase, a near-field beam profiler can be added to image the optical
mode profiles in the slab waveguide cross-section.
In the proposed bio-sensor concept, the main design aspects are related to compatibility of
the materials with:
the biomolecules (described in Section 5.5.3)










the ease of use (sensor read-out tolerances)
the signal-to-noise ratio (SNR) during read-out
One key parameter is the uniformity of the evanescent field which is determined by the
waveguide design. A slab waveguide configuration is chosen because it only confines
the light in the height direction. This is in contrast to rectangular waveguides, which
accommodate transverse modes and lead to a non-uniform field distribution (see Fig. 2.20).
Illumination of the particles would be inhomogeneous and particles in the intensity minima
would not be detectable. To implement a slab waveguide, the diverging mode in the
waveguide should not reach the boundaries of the waveguide. This means that the slab
waveguide needs to be wide enough, with a minimum width depending on the incoupling
conditions.
In Fig. 5.4 we can see different mode profiles corresponding to different in-coupling
positions on the slab waveguide. When the propagating light does not reach the sample
edges before the end-facet (a) the profile is homogeneous while when the coupling is too
close to the edge and the light sees a 2D confinement (b-d) the light distribution posses
minima and maxima.
Another key parameter is the effective refractive index neff characterizing the waveguide
modes. This neff has a value between the highest cladding RI (nclad) and the core
refractive index (ncore) and together with the RI of the different media involved (waveguide
materials and sensing medium) defines the evanescent field penetration depth and power
(see Sec. 2.3).
The penetration depth of the evanescent field is the distance in which the electric and
magnetic field amplitude decays with 1/e (the intensity decays with 1/e2 ) of its value at
the core-cladding interface. The penetration depth dp in the upper-cladding of a TE slab







and is therefore determined by the contrast between neff and nclad (at a certain wave-
length). Note that as we are considering waveguides with a low refractive index contrast,
the TM modes will posses virtually the same characteristics (see Sec. 2.3). Therefore in
this chapter we will refer only to TE modes.
Fig. 5.5 plots the wavelength-normalized value of dp in the upper-cladding (i.e. water-
based detection medium with n = 1.33) for different neff . From the graph it can be
seen that dp increases slowly for decreasing values of neff until a value of approximately
(n = 1.4). Past this point, when neff approaches the RI of the analyte (n = 1.33), there
is a rapid increase in dp. The RI for typical polymer waveguide materials ranges from
n = 1.4 to n = 1.6 (in the VIS and NIR), resulting in dp values in water of around
100 nm to 200 nm (dp in air is smaller). These dp values allow a strong interaction with
nanoparticles bound on top of the waveguide without illuminating the bulk of the sensing
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Figure 5.4: Mode profiles corresponding to different in-coupling positions close to one




























Figure 5.5: Wavelength-normalized dp in water (n = 1.33) as a function of the effective
index (neff ) of the propagating waveguide mode.
dp in water between all the possible modes for different possible waveguide thicknesses is
small (dpλ0 ∼= 0.08 nm). As a result, exact material RI as well as the core thickness are
no limiting factors and can be adapted based on other design requirements.
However, neff will play a more important role in defining the power in the evanescent
field (see. Sec. 2.3 and eq. 2.28) and in the light coupling angle (see eq. 2.35). In order to
analyze the influence of the core thickness on neff of the allowed modes, the particular
case of epoxy-based waveguides is considered to obtain the modal solutions as explained
in Sec. 2.3 (see eq. 2.20).
Fig. 5.6 plots neff of the propagating TE modes in an Epocore (ncore = 1.599) and Epoclad
(nclad = 1.590) epoxy-based slab waveguide at a wavelength of 632.8 nm for several core
thicknesses. At the cutoff condition, the modes have an neff equal to nclad. For increasing
core thicknesses, neff also increases (first faster and then asymptotically towards ncore)
and the mode is more confined in the waveguide core so that the power in the evanescent
field decreases. Fig. 5.7 plots the fraction of the evanescent field power in the sensing
medium (n = 1.334) as a function of the core thickness for an epoxy waveguide (see
Sec. 2.4.1). As was discussed in Ch. 2, it can be seen that in the proximity of the cutoff
condition for a certain mode, the power in the evanescent field is maximum, corresponding
to a less confined mode. Therefore, roughly speaking, thinner waveguides will result
in a higher fraction of the power in the evanescent field. However, on the other hand,
exciting thinner waveguides is more difficult since coupling light in the cladding needs to
be avoided. This cladding light may illuminate any particles present in the bulk liquid, not
bound to the core surface, giving rise to increased background levels.
The angle for in-coupling an specific mode depends on its neff through eq. 2.35. Fig. 5.8
plots the incoupling angles for a first order (q = 1) grating with a pitch of 505 nm, at a
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Figure 5.6: neff as a function of core thickness of an Epocore-Epoclad slab waveguide
(top cladding: air) at a wavelength of 632.8nm for the allowed TE modes.
and Sec. 2.3).
Comparing Fig. 5.7 and Fig. 5.8, we can see there is a trade-off between maximizing
the power in the evanescent field but minimizing the stray light due to higher chance of
coupling light in the cladding. Considering that cost-effective light sources have a certain
wavelength and angular dispersion, neff should not have a value too close to the value
of nclad. Therefore, a core thickness of 5 µm was chosen such that the chance of light
coupling into the cladding is minimized when coupling in the first order mode. At this
core thickness, neff of the first order mode has almost reached the asymptotic value and is
well above the value of nclad, while the power in the evanescent field is still sufficient to
illuminate nanoparticles, as described below.
5.4. Fabrication of the polymer waveguide sensor
The fabrication of the sensor cartridge consisting of polymer slab waveguides, gratings and
microfluidics, is described in the following. First, 5 cm × 5 cm Borofloat glass substrates
are cleaned with acetone, IPA and de-ionized water. Next, a plasma surface treatment is
performed to improve the adhesion between the glass and polymer. Immediately after
the treatment, the under-cladding layer is deposited by means of spin-coating, followed
by a pre-bake on a hotplate. The cladding layer is then UV-cured by flood exposure and
then post-exposure baked on a hot plate. After post-exposure bake, a hard bake step is
performed in a convection oven. The core layer is processed using the core version of
the polymers and a NIL mold to define the integrated waveguide couplers. After the
deposition of the core layer by spin-coating and the pre-bake step, the flexible transparent
mold is placed on top. Once the sample is removed from the hotplate and allowed to






























Figure 5.7: Fraction of the evanescent field power as a function of core thickness in water
(top cladding: water) for the allowed TE modes in an Epocore-Epoclad slab waveguide at
a wavelength of 632.8 nm.































Figure 5.8: Incoupling angle as a function of core thickness for the allowed TE modes in
an Epocore-Epoclad slab waveguide (top cladding: air) at a wavelength of 632.8 nm with
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Ormoclad 30 s at 4000 rpm
→ 7.5 µm
5 min at 85◦C 30 s 5 min at 85◦C
Ormocore 60 s at 6000 rpm
→ 4.5 µm
5 min at 85◦C 30 s 5 min at 85◦C
Epoclad 60 s at 4500 rpm
→ 18 µm
2 min at 50◦C +
2 min at 90◦C,
then 15 min at
120◦C
60 s 5 min at 50◦C +
5 min at 90◦C,
then 15 min at
120◦C
Epocore 5 30 s at 3000 rpm
→ 4.5 µm
2 min at 50◦C +
4 min at 90◦C
30 s 2 min at 50◦C +
4 min at 85◦C
LigthLink™XP-
5202A (clad)
50 s at 500 rpm
→ 18 µm
5 min at 90◦C 120 s 5 min at 90◦C
LigthLink™XP-
6701A (core)
60 s at 4500 rpm
→ 6.5 µm
4 min at 90◦C 60 s 3 min at 90◦C
exposure baking steps are performed. The parameters used to fabricate waveguides
with the different polymers are listed in Tab. 5.2. After the cladding-core polymer slab
waveguide fabrication, microfluidics are implemented 1 on top of the waveguide core using
a double-side transparent tape with the channels inscribed by laser cutting, and covering
with a plastic foil incorporating the inlet and outlet, see Fig. 5.9.
5.5. Results and discussion
5.5.1. Fabrication quality
The optical quality of the different spin-coated polymer layers was characterized using
a Wyko®NT3300 optical profiler in terms of small-scale intrinsic roughness, defined as
the standard deviation of the profile heights after removing large-scale tilt and curvature
effects of the surface. This parameter is important since excessive layer roughness leads to
parasitic background scattering, which may deteriorate sensor performance. The intrinsic
roughness for Ormocer® and LightLink™ (cladding and core version) layers was found to
be about 2 nm to 4 nm and for Epocore about 1 nm (measured on a 1 mm2 area at random
positions over the complete sample). Since the measured layer roughness is much lower










Figure 5.9: Waveguide cartridge including grating coupler and microfluidics.
than the wavelength, it is expected that this will only lead to a small amount of parasitic
background scattering in the waveguide, much smaller than the signal generated by the
nanoparticles themselves.
5.5.2. Evanescent field penetration depth
The penetration depth is measured 2 using a polystyrene particle (diameter 5 µm to 9 µm)
attached to an AFM cantilever. The AFM system is used to control the height of the
particle above the waveguide surface. The intensity of the light scattered from the particle
depends on the power of the evanescent field experienced by the particle.
The waveguide is excited by grating coupling using a 10 mW He-Ne laser beam and the
particle is ramped 2000 nm towards and away from the surface at a rate of 0.05 Hz (full
approach and retract cycle every 20 s). The scattered light intensity is monitored using a
microscope and camera at a framerate of 42 Hz. The scattered light intensity as function
of the height is determined using image analysis from the approach part of the cycle. The
probe height is determined from correlating the cycle rate and ramp height.
A single measurement of scattered light intensity (in air) as function of the probe height
for a 5 µm thick Epocore slab waveguide is shown in Fig. 5.10. The curve is fitted with the
function y = a+ b exp(−x/c) where c is the intensity decay constant. The fit reveals a
decay constant c = 48.5 nm± 0.91 nm. This intensity decay constant is half the electric
field decay constant or penetration depth dp, assuming that the observed scattered intensity
scales linearly with the local evanescent field power. The observed penetration depth for this
measurement is therefore 97 nm± 2 nm. The evanescent fields likely depend on location
and incoupling parameters and therefore slightly vary between measurements. Penetration
depth values ranging between 78 nm and 130 nm were observed (each determined with
a typical experimental error of ±3 nm), which is slightly higher than the theoretically
expected value of 81 nm.
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Figure 5.10: Intensity decay of the light scattered by a polystyrene particle depending on
its position in the evanescent field.
5.5.3. Polymer material choice: biological compatibility and
performance as a sensor surface
The compatibility of various optical polymer materials for biological interfaces was tested
using an immuno-assay for the biomarker cardiac troponin I (cTnI)3. The assay is based on
magnetic particle actuation and detection in a dedicated system consisting of a cartridge and
reader, and has been previously described [10, 17]. The optical polymers were deposited
by spin-coating onto plastic cartridge base parts, followed by the required curing steps.
cTnI specific antibodies were physisorbed onto the optical polymer coatings and dried,
after which cartridges were further processed and assembled; matching antibodies were
conjugated to magnetic nanoparticles. These functionalized nanoparticles were added to
the functionalized polymers in the presence and absence of cardiac troponin I in 50 %
blood plasma. The binding of particles to the sensor surface was promoted using magnetic
actuation, after which non-bound particles were magnetically removed from the surface.
The amount of particles that remains bound to the surface is a measure of the analyte
concentration.
Specific, cTnI-dependent signal was observed for all the optical polymers tested as shown
in Fig. 5.11, demonstrating that assays were functional on these polymers. In the presence
of cTnI, the signals are highest for Ormocore and Epocore, followed by Epocore 5 (a lower
viscosity variation of the Epocore). The signals in the presence of cTnI are comparable
to those generally observed when cartridges are not coated with optical polymers (data
not shown). The blank signals (in the absence of cTnI) are higher for Ormocore and
Lightlink™ than for the Epocore and Epocore 5 polymers, indicating that the amount
of non-specific binding of particles is the lowest for these latter polymers. Overall, all











































0 pM cTnI 87.5 pM cTnI
Figure 5.11: Measured signal on different polymers in the presence and absence of cardiac
troponin I.
of the polymers tested showed a good compatibility with this biological assay, while
Epocore presents the best sensitivity as defined by the signal over blank ratio. Therefore,
experiments in next sections were mainly performed with Epocore-based waveguides.
5.5.4. Grating coupling for waveguide excitation
The grating coupling characteristics of the sensor were analyzed by measuring the angular
spectrum and by imaging the intensity profile at the waveguide end-face. The angular
spectrum was characterized by positioning a photodetector at the end-face of the waveguide
and recording the power while changing the incoupling angle. Therefore, the sample was
mounted on a motorized rotation stage with an angular precision of 0.001 degrees and a
He-Ne laser beam (632.8 nm) spot was positioned on the incoupling point. The incoupling
point was positioned at the center of rotation of the stage in order to be constant over the
measurement. The imaging of the mode profiles was performed using a imaging-based
near-field beam profiler (Sphiricon Photonics). Fig. 5.12 shows the results for a 5 µm thick
Epocore slab waveguide, i.e. the photodetector signal in the angular region of interest
together with the near-field profiles of the corresponding excited modes, which appear in
the graph as intensity peaks. The difference in coupling angle between the first core mode
and the first cladding mode is ∼= 0.53°, the separation between the first and second core
modes ∼= 0.16° and between the second and third core modes ∼= 0.26°. The waveguide
modes show the characteristic intensity profile with good uniformity along the waveguide
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Figure 5.12: Near-field profiles of the waveguide core modes (insets) and the angular
spectrum of a 5 µm thick Epocore slab waveguide.
5.5.5. Optical detection of nanoparticles
Epocore-based waveguide cartridges were tested 4 in a dedicated setup allowing us to
actuate magnetic nanoparticles in a well-controlled manner, to excite the waveguide by
illuminating the grating coupler structure with a laser beam, and to image magnetic
nanoparticles that have bound to the waveguide surface and consequently scatter light out
of the waveguide evanescent field.
A collimated laser beam (660 nm laser diode, Sanyo DL-6147-240) was directed towards
the grating coupling structure of the cartridge using an incoupling mirror that can be
tuned in angle with 0.05° precision. The dark-field imaging of the nanoparticles was
performed using an objective (NA = 0.25) directly underneath the cartridge. A pair
of electromagnets, positioned underneath and above the cartridge is used to attract the
magnetic nanoparticles towards the waveguide surface or to remove them out of the
evanescent field.
A suspension of 500 nm diameter magnetic nanoparticles in a buffer fluid was applied to a
cartridge for which a microfluidic structure was assembled above the Epocore waveguide
(see Fig. 5.9). The sample fluid filled the microfluidic channel and chamber through
capillary forces and next, particles were magnetically actuated towards the waveguide
surface, causing the particles to align in chains. Some of the particles touching the
waveguide surface were bound by physisorption to the waveguide interface. Finally, the
top magnet was activated, forcing unbound nanoparticles to move away from the sensor
surface, out of the evanescent field. Fig. 5.13 shows dark-field images taken during each of
the magnetic actuation steps, illustrating the sensing concept. From the images it is clear











Figure 5.13: Dark-field imaging of nanoparticles at the waveguide surface during
attraction phase (up) and physisorbed nanoparticles after the washing phase (down)
A next step would be to optimize the incoupling process by using a more precise rotation
stage for the mirror in order to reduce stray light.
The actual sensitivity that can be achieved in point-of-care applications will also depend on
the (biological and chemical) background signal. An initial dose-response curve was also
successfully demonstrated using both buffer and plasma matrices with good correlation
and sensitivity proving the principle of biosensing. However, due to the confidential nature











A polymer optical waveguide integration technology for the detection of nanoparticles in an
evanescent-field-based bio-sensor was successfully developed that fulfills the requirements
of the project partners. Slab waveguides were used to generate a homogeneous and well-
defined evanescent field over a large surface to illuminate the magnetic nanoparticles
that were used as optical contrast labels and were detected using dark-field microscopy.
The waveguides toguether with their light coupling structures were designed, fabricated
and characterized by assesing various commercially-available polymers (LightLink™,
Ormocer®, Epocore/Epoclad). A slab waveguide core thickness of 5 µm was chosen
mainly based on a trade-off between evanescent field power and tolerances for grating
coupling. An initial dose-response curve was also successfully demonstrated using both
buffer and plasma matrices with good correlation and sensitivity proving the principle
of biosensing. However, due to the confidential nature of these results they can not be
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Conclusions and future work
There is a trend to add sensing capabilities to an increasing number of products oriented
to an ever broader number of applications and markets. Furthermore, the availability of
cost-effective solutions for sensing paves the way towards more personalized equipment
through the integration of sensors in a wide range of personal products such as wearables,
food packaging or medical test cartridges.
In this context it is highly desirable to develop sensors which are compatible with cost-
effective production methods while at the same time offering a high throughput. In
addition, a high degree of integration is also pursued e.g. sensors integrated together with
the interrogation system or sensors which are small enough so they can be embedded in a
structure.
In this thesis we assessed the motivation, design and fabrication and evaluation aspects
of polymer-based waveguide sensors. The use of polymers allowed us to develop cost-
effective, easy-to-fabricate sensing platforms which are compatible with roll-to-roll fabri-
cation methods. Furthermore, the increasing number of available polymer formulations
that provide a wide parameter tuning range is very interesting because it allows a broader
and easier tuning of the sensor characteristics.
The dissertation was focused on two specific applications; the development of a disposable
illumination platform for use in a poin-of-care-oriented bio-sensor and an optical rosette
with the capability of measuring multi-axial strain to be embedded in composites for
structural-health monitoring. However, the developed concepts and fabrication technolo-
gies were addressed from a broad perspective, envisioning their further usability in those
applications with similar demands.
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with integrated gratings. Soft-imprinting was found to be a robust, versatile and high-
throughput fabrication method with a significant potential to be further explored for the
fabrication of many optical components and sensors.
6.1. Achievements
Several waveguide configurations were successfully fabricated, resulting in high optical
quality and fabrication yield. These waveguide structures were integrated with gratings
that serve as in-coupling structures and Bragg reflectors. Furthermore, they were used in
combination with sources and readers to obtain functional sensing platforms.
6.1.1. Achievements on bio-sensing
A polymer optical waveguide integration technology for the detection of nanoparticles in
an evanescent-field-based bio-sensor was successfully developed to fulfill the requirements
of the project partners. Slab waveguides were used to generate a homogeneous and well-
defined evanescent field over a large surface to illuminate the magnetic nanoparticles that
were used as optical contrast labels and were detected using dark-field microscopy.
Different polymers (LightLink™, Ormocer®, Epocore/Epoclad) were characterized in
terms of their basic optical properties, their biological compatibility and performance as
a sensor surface in an immuno-assay for cTnI. All polymers allowed for analyte specific
binding of nanoparticles, after proper treatment of the polymer surface with the required
antibodies, and exhibited relatively low non-specific binding. Epocore-based waveguides
showed the best signal to blank ratio and therefore were selected for further experiments.
Slab waveguides with core thickness of 5 µm and integrated grating couplers (with a
505 nm pitch) were selected, mainly based on a trade-off between evanescent field power
and angular tolerances for in-coupling.
Using the sensors we fabricated, project partners demonstrated the sensing concept by
directly measuring the EF at the surface of such a waveguide using a probing particle on
an AFM-system and afterwards by dark-field imaging of magnetic nanoparticles bound to
the waveguide surface after the magnetic actuation process. Furthermore, from the first
dose-response curves, a low limit-of-detection was obtained, which was very promising
considering the early stage of the sensor development in which these tests were performed.
6.1.2. Achievements on physical sensing
The fabrication of waveguides (in ridge, rib and inverse-rib configurations) via imprinting
technology was demonstrated for two polymers with different chemistry (Epoxy and
Ormocer®). Furthermore, the combination of these two polymers to fabricate hybrid
waveguides having an epoxy-based core and an Ormocer® cladding was demonstrated. In
addition, the fabrication of ≈ 5 cm long waveguides containing bends was demonstrated.










structures using a two-step or single-step imprinting process. This all-imprinting approach
avoids the use of a laser to inscribe i.e. Bragg reflectors on the waveguides (currently the
standard approach), which is advantageous for the mass-production of sensors.
Different polymer waveguide Bragg grating sensors were fabricated and tested as candi-
dates for composite monitoring. First, the compatibility of embedding different optical
polymers in composite materials during production was addressed. The cross-sections
of the embedded samples were analyzed. The epoxy-based sensors were found to be the
most compatible, followed by the acrylate-based sensors. Ormocer®-based and Epoxy-
based Bragg sensors were fabricated on a composite substrate (FR4) and tested at telecom
wavelengths (compatible with standard interrogators) for strain and temperature sensitiv-
ities. The tests showed analogous behavior for strain monitoring, with a slightly higher
sensitivity for Ormocer®, 1.41 pm/µε, than for epoxy, 1.27 pm/µε. These values are com-
parable (or slightly higher) than those previously reported for unetched POF’s. Ormocer®-
based sensors were found to have a higher temperature sensitivity (of −250 pm ◦C−1)
than of epoxy-based sensors (−90 pm ◦C−1). The remarkable temperature sensitivity of
Ormocer®-based Bragg sensors, which is about 25 times higher than that of silica fibers
could be considered for further applications.
Epoxy-based Bragg grating sensor-foils of three different thicknesses were fabricated
and released from a temporary substrate, to be embedded during an autoclave composite
production process. After embedding, composite specimens containing a Bragg sensor
were diced and prepared for tensile testing. The results showed that a sensor thickness
of ≈ 30 µm results in a high deformation of the foil cross-section, leading to difficulties
in the sensor characterization and a sensor that is not usable anymore. The other two
tested thicknesses (≈ 50 µm and ≈ 100 µm) were suitable for pig-tailing and tensile
characterization, resulting in similar sensitivities as when fabricated on top of a composite
substrate (1.08 pm/µε for the ≈ 50 µm sample and 0.82 pm/µε for ≈ 100 µm). The
comparison of the spectra before and after embedding revealed no strong distortion or peak
splitting, which is one of the challenges for the integration of silica fibers. In addition, one
specimen was tested dynamically for impact detection and vibration modal reconstruction.
Although further tests need to be performed on a dedicated specimen, preliminary results
were promising. The frequency data provided by an accelerometer was reconstructed
till ≈ 100 Hz from the peak tracking of a single Bragg grating, which indicates that the
sensors could be suitable for impact reconstruction.
In order to obtain multi-axial strain sensing, a rosette consisting of three Bragg gratings
oriented in a 45° configuration was designed, fabricated and characterized using Ormo-
cer® to demonstrate the operation principle. These Bragg gratings were multiplexed in the
same waveguide. The operation wavelength was selected to be 850 nm in order to reduce
the optical propagation losses and the cost of the potential sources and detectors that could
be used for interrogation. First results show Bragg peak reflectivities close to 30% and 20%
depending on the grating (including coupling and propagation losses). A functional optical
strain rosette was tested for multi-axial strain sensing. The rosette was used to monitor a
dogbone aluminum specimen in an uni-axial load test. The acquired data demonstrated
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along the load axis was found to be 0.85 pm/µε. The sensitivity to transverse strain
was verified but it needs to be further investigated to quantify the exact sensitivity. The
sensitivity of 0.85 pm/µε is in good agreement with the value obtained in the previous test
at λ = 1550 nm (≈ pm/1.4µε). Thus, despite further tests should be performed to fully
characterize the sensor behavior, we have demonstrated for the first time a planar optical
strain rosette. Contrary to commercially available optical strain rosettes using optical fibers,
our rosette does not require the use of a holder to orient the gratings. Furthermore, our
approach is roll-to-roll compatible and thus potentially more cost-effective. In addition,
the developed concept has the potential to be embedded in composites for SHM.
As the Bragg gratings are sensitive to both temperature and strain, a method to differentiate
between the change of both magnitudes was tested. As different waveguide modes posses
different sensitivities, it is possible to decouple the temperature and strain shift contribu-
tions if a few-mode waveguide is used. Furthermore, imprinting technology is a promising
technology for the fabrication of waveguides combining different chemistry polymers,
which represents an interesting approach to maximize the sensitivity difference between
two optical modes in a few-modes waveguide. Bragg waveguide sensors composed of
two polymers (Ormocer® and Epoxy) possessing different thermo-optic coefficient and
supporting few modes were modeled and a first version was successfully fabricated using
imprinting technology. The response of several peaks (corresponding to different optical
modes) of the hybrid sensors were tested for strain and temperature sensitivity. These initial
tests indicate that a great difference in temperature sensitivities of different optical modes
(around 90%) can be achieved by using a few-modes polymer waveguide.This represents
an improvement with respect to our benchmark, PMMA POF’s. Different modes were also
found to present high differences in strain sensitivities. However, further testing needs to
be performed with embedded sensors in a more controllable setup in order to conclude
about the quantitative values for these strain sensitivities.
6.2. Outlook and future work
During this thesis, we have not only proven the suitability of polymers for two specific
sensing applications but also we have shown the high potential of this type of sensors
for many other potential uses. In chapter 2, the sensitivity to changes in refractive index
for bulk and ad-layer sensing was analyzed. We found that by combining different
polymer chemistries it is possible to achieve the same sensitivities as when using other
dielectric materials. Thus, we could obtain the same performance through a more cost-
effective fabrication process. In addition, the ease of tunability of the sensor properties was
demonstrated in chapter 4. By using Ormocer® and epoxy based formulations alone or in
combination, and by selecting appropriate dimensions, the different targeted requirements
were satisfied without requiring significant changes to the processing. Thus, we believe
that there is room to further extend the analysis and fabrication techniques to successfully
adapt them to achieve many different requirements.
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and high quality process to pattern nano- and micro-structures in polymer materials.
This roll-to-roll compatible technique was proven to be suitable for patterning different
photonic structures. Soft-imprinting technology was successfully applied to develop cost-
effective planar optical sensors. Together with the availability of cost-effective sources in
the wavelength transparency window of polymers and the growing number of integration
solutions, this paves the way towards fully integrated strain sensors for large-scale structural
health monitoring. The development of Ormocer® Bragg grating sensors revealed the
remarkable performance of this polymer for temperature sensing. As measuring small
changes in temperature can be used to indirectly monitor changes in the environment, we
foresee several applications that could benefit from this result (such as tunable gratings,
flowmeters or nano-calorimeters).
In addition, the possibility of patterning large area gratings with a controlled residual
layer via soft-imprinting could be exploited for integrated all-imprinted and all-in-polymer
refractive index sensors such as e.g. Grating mode resonance (GMR) sensors. Also, these
integrated gratings can be used to manipulate the hydrophobicity of a surface, which is
relevant for microfluidic devices.
The design and fabrication of a slab polymer waveguide to be used in a bio-sensor for
uniform evanescent field illumination of particle labels was shown. There is a growing
number of available optical polymers allowing a variety of combinations of refractive
indexes for the core and cladding. Additionally the fabrication of slab waveguides is
technologically less demanding than other configurations. This leads to the possibility
of combining several polymers to tune the characteristics of the system and provide
e.g. a specific penetration depth of the evanescent field. Furthermore, the possibility of
selecting one of the allowed modes, possessing a defined penetration depth presents a
potential opportunity for microscopy applications. We believe that the concepts that were
investigated and developed in the framework of this thesis can be used in a number of
sensing products for which there is research and commercial interest, as shown in chapter 1.
Due to time limitations and the large number of possible implementations of polymer
waveguide-based sensors, there is still a number of tasks to be further developed and
optimized.
For the slab-waveguide based bio-sensors (in NextDx project), the integration of all the
different components in a final disposable cartridge has to be optimized. In this sense,
a top-cladding with a defined opening in the sensing region should be applied to reduce
the stray light without compromising the sensing performance. Thus, it is necessary to
avoid that the scattered light at the interface disturbs the particle imaging. There are
two main causes that could jeopardize nanoparticle imaging: the saturation of the light
scattered by the nanoparticles or the presence of a standing wave illumination pattern. In
addition, out-coupling structures can be added in order to minimize parasitic reflections in
the sensing region.
Regarding the work on Bragg grating sensors for structural-health monitoring, further work
should be performed in order to fully characterize the multi-axial optical rosette and to
quantify the temperature/strain discrimination. In addition, by extending the analysis of the
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polymers the sensing performance could be improved. Moreover, the combination of the
multi-axial and temperature/strain discrimination capabilities in an embeddable sensor
would be desirable. Furthermore, to be able to use these systems in the field it is highly
desirable to have a fully-integrated system where the Bragg grating sensor-foils contain
integrated sources, detectors and a way to power the system.
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